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Low-rise buildings are defined as the buildings with a mean roof height less than the least 
horizontal dimension and less than 18.3 m in ASCE 7-10. They represent the majority of 
commercial, residential, and industrial buildings. Approximate 90% of the existing low-rise 
residential buildings are constructed as wood light-frame buildings that are not fully engineered 
and thus more vulnerable to extreme wind pressures, wind borne debris and rain water intrusion. 
The resulting hurricane-induced economic loss is primarily attributed to the insufficient 
performance of building envelope instead of the catastrophic failure of their main structural 
system for Category 1 to 4 hurricanes. 
The limitations of the current public hurricane loss prediction models for low-rise 
buildings motivate the current study. Firstly, the wind loading is estimated by modifying the 
ASCE 7 or other design provisions that envelope the peak wind pressure in limited building 
surface zones for design purpose. It is difficult to modify those non-contemporaneous wind 
pressure coefficients close to realistic simultaneous wind loads accurately and to exclude the 
structural resonant portion on gust effect factor G that is built in with pressure coefficient pC  in 
most scenarios defined as ASCE 7-10. Secondly, the empirically prescribed tributary area, load 
path and load sharing may be reasonable for design on the conservative side, but not suitable for 
damage prediction that demands accurate instead of conservative load distribution among the 
entire system. Thirdly, most current standards are developed by obtaining equivalent pressure 
coefficients that envelope the peak responses calculated from wind tunnel data for a range of 
assumed structural wind resisting system without appropriate attention on building envelope. 
Currently, the prediction of the mean recurrence interval for peak structural responses 
under wind loading is achieved by integrating local meteorology data, wind tunnel aerodynamic 
database, and refined Finite Element analysis techniques as Database Assisted Design does. 
Those efforts are mainly focused on main wind force resistance system in the past and are 
extended to evaluate the building envelope performance in this study. The major objectives of 
this study include to (1) initiate a Database-assisted damage prediction framework for both main 
wind force resistance system and components and claddings, (2) collect aerodynamic datasets on 
scaled models by wind tunnel testing, (3) develop a comprehensive and in-depth 3D Finite 
Element model for both building frame system and its envelope, and qualitatively validate the 
analytical model under realistic wind pressures with limited available post disaster reports, (4) 
numerically predict the detailed structural responses for ongoing quantitative validation against 
the full scale static tests conducted by Florida International University, and (5) develop the 
vulnerability curves for a selected roof corner sheathing panel by using a database assisted 





CHAPTER 1. INTRODUCTION 
This dissertation includes seven chapters based on papers that have either been accepted, 
or are under review, or are to be submitted to peer-reviewed journals, using the technical paper 
format that is approved by the Graduate School. 
Chapter 1 introduces the related background knowledge of the dissertation, the state of 
the art of existing hurricane loss prediction models, the motivation, the scope and the limitations 
of the current study. Chapter 2 discusses the correlation effects of wind loads on low-rise 
building tested by the United States National Institute of Standards and Technology (NIST), 
United States. Chapter 3 and Chapter 4 discuss the collection of the aerodynamic database 
though the wind tunnel techniques at LSU Boundary Layer Wind Tunnel on external pressure 
and internal pressure, respectively. Chapter 5 develops a comprehensive and in-depth 3D Finite 
Element (FE) model for a typical low-rise building and investigates the first failure wind speeds 
for eight possible failure modes for building envelopes. Chapter 6 develops the vulnerability 
curves for a selected roof corner sheathing panel by using a database assisted stochastic finite 
element modeling approach. Chapter 7 summarizes this study and recommends directions for 
future research.  
The wind and structure interaction is by nature a multidiscipline subject that involves 
probability and statistics, meteorology, fluid mechanics of bluff bodies, and structural dynamics 
(Holmes 2001). Therefore, this chapter provides a general background of the topic and 
documents the physical principles for some involved fundamental concepts. More detailed 
information on those concepts or standard procedures, e.g., the wind tunnel test techniques, will 
be documented in each related Chapter. 
1.1 Hurricane Hazard 
  Hurricanes refer to the tropical cyclones that occur in the Caribbean while they are 
renamed as typhoons in the South China Sea. They are driven by the latent heat of the oceans, 
then develop to their full strength at 10 to 30 degrees latitude, and may travel to higher latitudes 
if the sea temperature is about 26 Celsius to sustain them (Holmes 2001). The comparison 
between hurricanes and other severe wind storms will sharpen the understanding of their 
characteristics. Brief summaries on the features of each major wind storm type are listed in Table 
1-1, including their generations, active regions, horizontal scales, durations, wind field structures 
and wind directions (Fujita 1985; Hjelmfelt 1988; Holmes and Oliver 2000; Holmes 2001; 
Savory et al. 2001; Simiu et al. 2007; McDonald et al. 2009; AIR 2010).  
Hurricanes, downbursts and tornados are all capable to generate damaging wind based on 
Table 1-1. Unlike downbursts or tornados that produce severe wind speeds in shorter durations 
locally, the massive hurricane wind structures usually impact larger areas (several countries in 
terms of Europe) with a sustained high wind speed, heavy precipitation in longer durations. The 
accompanied storm surges that are caused by persistent high winds pushing on the ocean’s 
surface may result in flooding to coastal areas. If hurricanes land close to densely populated 
urban areas where structures are also clustered, flying missiles that are formed by the failed 
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structure components due to overload under peak loads or fatigue damage under fluctuating 
loads could be another major cause for damages.  The wind field structures and wind profiles for 
hurricanes, downbursts, and tornados are shown in Figure 1-1, Figure 1-2, and Figure 1-3. 
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(1) It is Saffir-Simpson scale wind speed that defined as 1 minute maximum sustained 
speed at 10 m above open water (Simiu et al. 2007). 
(2) The recorded gust speed by ten New South Wales stations in Australia in 1997 
(Holmes and Oliver 2000). 
(3) The recorded peak gust at 5 m (Fujita 1985). 
(4) Enhanced-Fujita (EF) scale for tornado using 3 second gust wind speed at 10 m 




(a)                                                                         (b) 
Figure 1-1 (a) Vertical slice through the center of a mature hurricane (URI 2011), and (b) typical 
gradient wind profile of rotational wind speed v.s. distance from certer (AIR 2010) 
 
(a)                                                                       (b) 
Figure 1-2 (a) Wind flows out from a downburst (Fujita 1985), and (b)typical wind structure and 
profile for downburst (Hjelmfelt 1988) 
          
(a)                                                                       (b) 
Figure 1-3 (a) Wind flows into a tornado (Fujita 1985), and (b) typical wind structure and profile 
for tornado (R=radial velocity component, T=tangential velocity component, W=vertical veloctiy 




Losses due to windstorms have far outweighed those due to earthquake and other hazards 
historically, though the stagnation wind pressure generated by a 150 mph hurricane, Category 5 
scale, is only 3% of the ambient pressure. Statistics show that windstorms are responsible for 
79% of $430 billion in insured losses worldwide for major natural catastrophes from 1950 to 
2010 (Munich Re 2011). Particularly, within the United States, the average annual overall loss 
due to hurricanes is around 5.1 billion (NOAA 2008). In history, Hurricane Katrina caused $40.6 
billion insured losses in 2005, which exceeds Hurricane Andrew’s $26.5 billion loss in 1992, 
Hurricane Charley’s $15 billion loss in 2004, Hurricane Ivan’s $14.2 billion loss in 2004, 
Hurricane Frances’ $8.9 billion loss in 2004, and Hurricane Hugo’s $7 billion loss in 1989 
(FEMA 2006). Hurricane Sandy, the latest event, was reported to produce up to $50 billion loss 
along with 147 direct deaths (Blake et al. 2013). Each of those catastrophic hurricane events led 
to economic loss, caused fatalities, and threatened economic growth. Moreover, the prospects of 
even higher damages and losses in the future are warned by Pinelli et al. (2004) and Pielke et al. 
(2008) due to the population growth in hurricane-prone areas.  
Among all the surface structures, low-rise buildings are the most common ones. They 
represent the majority of commercial, residential, and industrial buildings. Its definition in ASCE 
7-10 (ASCE 2010) is the structure with a mean roof height less than the least horizontal 
dimension and less than 18.3 m (60 ft). Unlike tall buildings, large span stadiums, long span 
bridges, or high towers, most low-rise building are not fully engineered, and thus more 
vulnerable under the extreme hurricane winds. The wind resistances of a building are divided 
into two categories by Mehta et al. (1992), namely, the resistance from lumber frames and the 
resistance from building exterior cladding components. The lumber frame failures usually lead to 
the total loss of a building and its contents as shown in Figure 1-4. The cladding-component 
failures may only produce a partial loss as shown in Figure 1-5. However, this partial loss could 
be magnified by the additional interior damages due to the rain water intrusion when the building 
envelope is breached during a storm. The loss of exterior cladding components could accumulate 
serious economic losses long before the catastrophic lumber-frame collapse. This is supported by 
Sparks et al. (1994) that most claimed wind damages to dwellings in Hurricane Hugo (Category 
5) and Andrew (Category 4) are restricted to building envelopes. 
 
Figure 1-4 Two-story apartment building that lost its roof diaphragm and load path connections 




Figure 1-5 Roof shingles and sheathings blow-off due to uplift in Katrina (estimated wind speed: 
130 mph. Long Beach, Mississippi) (FEMA 2006) 
Typically, immediately after a hurricane makes landfall, teams of a few wind and/or 
structural engineers are deployed by an insurance company or federal government to areas 
affected by the storm to collect information necessary to assess the extent and nature of the 
damage and to provide qualitative insights into the overall performance of the building stock. 
The primary objective of the reconnaissance teams deployed immediately after a storm makes 
landfall is to provide a real-time, first-hand assessment of the severity of the damage in different 
areas and to different building types, and to identify the primary causes of the damage. It is 
critical that the reconnaissance teams conduct these initial field inspections quickly and 
thoroughly immediately after the storm makes landfall in order to document the damage before it 
is cleaned up or concealed.  
Most post disaster investigations report consistent building damage patterns related to 
either system frames or building envelopes (FEMA 1992; FEMA 2005; FEMA 2006; Van de 
Lindt et al. 2007). A streetcar reconnaissance was conducted after Hurricane Issac on the 
suburban area of New Orleans, Louisiana and similar damage patterns were found by the present 
author. Hurricane Issac landed in southeastern Louisiana as a Category 1 hurricane (on the 
Saffir-Simpson Hurricane Wind Scale) on August 29, 2012 (Berg 2013). Figure 1-6 shows how 
Hurricane Isaac was approaching the coast of Louisiana. The selected wind speeds in the Gulf of 
Mexico are reprinted in Figure 1-7, and the recorded gust wind speed at New Orleans Lakefront 
Airport is 66 kt (76 mph) on 3:28 AM, August 29. Minor structural damages were expected 
before the survey started, since the reported wind speed was “very dangerous”, but still lower 




Figure 1-6 Satellite image of Hurricane Isaac approaching the coast of Louisiana on August 28 
2012 (Berg 2013) 
 
Figure 1-7 Selected observations of wind gust (kt) in the Gulf of Mexico during Hurricane Isaac.  
All observation elevations are lower than 20m. (Berg 2013) (1kt = 1.15 mph) 
The survey route was decided by the damaged infrastructures reported in NOLA website 
(www.nola.gov). Totally, 42 damaged structures were investigated on September 1, 2012. Most 
buildings suffered minor to moderate damages, including shingles or sheathings close to roof 
ridgeline or roof edge, wall claddings, or gable end walls. Cumulative damages over several 
hurricane events were observed on some abandoned structures. One hotel on 7700 Chef Menteur 
Blvd, New Orleans was labeled as “roof off and wires down” online. Figure 1-8 (a) shows the 
intact roof before the overturn while it was found that the roof of the larger building completely 
collapsed as Figure 1-8 (b) and (c) shows. The formed debris flew about 20 m away from the 
building as shown in Figure 1-8 (d). This roof collapse was attributed to high wind speed, since 
the roof shingles on its neighboring building were blown off as shown in Figure 1-8 (e). Due to 
7 
 
the safety issue, no more investigations were conducted on this damaged building. It is suspected 
that a gust with the comparable size of the building acted on this unit, and the resulting 
contemporaneous wind action produced considerable uplift on the entire roof. The weakest roof-
to-wall connections might fail first and the suction forces may be transferred to the adjacent 
connections till the whole roof was totally unzipped. No obvious opening failure was observed in 
this case. This case shows how even a comparatively modest storm can generate significant 
damage.   
 
  (a) 
 
 
 (b)  
 Figure 1-8 Building roof turnover during Hurricane Isaac (a) hotel before Hurricane Isaac 
(google map), (b) entire roof overturn of a two-story building and the shingle blow off for its 
neighbor, (c) roof collapse in the other side of the building, (d) debris scattered 20 m away in the 














Figure 1-8 (Continued) Building roof turnover during Hurricane Isaac (a) hotel before Hurricane 
Isaac (google map), (b) entire roof overturn of a two-story building and the shingle blow off for 
its neighbor, (c) roof collapse in the other side of the building, (d) debris scattered 20 m away in 
the other side of the building, and (e) details on the blow-off shingles for its neighbor 
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Post event survey collects first-hand information that is valuable to calibrate or validate 
vulnerabilities of a specific building type at a certain wind speed range, since most insurance 
claim records do not include key structural characteristics that are crucial to determine wind 
loads and load path. It serves as one source to develop vulnerability model along with structural 
engineering research publications and analyses of available claimed loss data. Active research is 
ongoing on new tools for rapid hurricane risk assessment to resolve the data insufficiency in the 
structural inventory. This technique aims to extract the building exterior geometry from 
publically available image sources and subassembly model the structure behavior through a 
computational platform and was validated for its linear-elastic load-displacement representation 
(LaBarge and Kijewski-Correa 2013).  
1.2 Review of Hurricane Loss Prediction Models 
Econometric loss prediction models were dominant before Hurricane Andrew, and most 
of the insurance industry relied exclusively on the regression over historical claim data to set 
hurricane risk premiums and to estimate average annual losses. The econometric method 
assumed that the hurricane activity and the consequent losses, was a steady phenomenon. For 
example, the frequency and intensity of hurricanes of the past 30 years were considered a reliable 
sample for projecting losses. This approach was proved to be unreliable by Hurricane Andrew in 
1992 that was forecasted to cause $80 million loss but ended up with $16 billion insured loss 
(Grossi and Kunreuther 2006), which implied that past losses are poor indicators for current and 
future damage.  
After hurricanes Hugo and Andrew, the econometric approach that exclusively relied on 
historical observations of failures was reinforced with the inclusion of meteorological data and 
building features to project potential loss more realistically (Pita et al. 2013). New catastrophe 
models, both proprietary and public, consist of the physics of hurricanes, structural 
characteristics of buildings and actuary principles (AAA 2008). Currently, to predict hurricane 
loss, three components are typically required: (1) the atmospheric component which predicts the 
wind field, including the wind speed and angle at each point, from the historical climate 
information such as central pressure, the hurricane track and intensity, Rmax (radius of 
maximum wind speed), and Holland B parameter; (2) the vulnerability component which treats 
the wind speed and wind incidence angle as the input and output the structural damage based on 
the estimation of the wind loads acting on the structures and the definition of the failure criteria; 
and (3) the actuary component which converts the damage to the cost needed to replace the 
damaged part. Efforts from multiple disciplines are needed to develop the whole prediction 
procedure, while the vulnerability component falls in the civil engineering scope. Among the 
current six hurricane loss prediction models (AIR, ARA, EQECAT, FIU, RMS, Hazus®MH 
MR4, and FPHLM), only two, the Hazus®MH MR4 and the Florida Public Hurricane Loss 
model (FPHLM), belong to the public domain. 
Windstorm damages for houses include structural damages and indirect interior damages. 
Structural damages occur when the structure system or the component cannot resist the wind 
loads, while interior damages occur when the envelope is breached allowing rain water to enter. 
In the current hurricane loss prediction models, the exterior structural damages are assumed 
holding a certain relationship with the wind speeds. However, there are no explicit relationships 
10 
 
between the indirect damage (e.g. interior and utility damage, contents damage or additional 
living expense) and the wind speeds. The interior damage was found highly non-linear with wind 
speed (Bhinderwala 1995). Typically, the interior damage is extrapolated from the structural 
damage by an empirical model to simplify the procedure (AIR 2011a; ARA 2011; EQECAT 
2011; FIU 2011; RMS 2011). Since the structural damage serves twice in the damage prediction 
procedure: one for structural damage tally and another as the extrapolation basis for the interior 
damages, it is necessary to raise the accuracy in the estimation of structural damage, i.e., the 
vulnerability component, as much as possible. In other words, hurricane induced damage to low 
buildings can be understood as a function of the percentages of the overall structural damage. 
Hence, the state of the art is reviewed only on the vulnerability component hereafter. 
1.2.1 Hazus®MH MR4 
Hazus was launched in 1997 as the first public model (Schneider and Schauer 2006) that 
estimates structural damage by engineering approach and the interior damage by an empirical 
model based on engineering judgment, insurance claim data and estimations of water ingress 
(Vickery et al. 2006). Hazus purposefully simplifies all buildings to rectangular bluff bodies. 
Structural classification is based upon primary construction material (wood, masonry, concrete, 
steel, or manufactured housing components), with sub classification based on the number of 
stories and use. This results in 39 specific building types. 
Failure mechanisms. The physical damage model of Hazus predicts 6 component and 
cladding (C&C) failures, 2 failure mechanisms for super elements, and 1 overall system failure 
mode (FEMA 2009). The six C&C failures include wind-induced pressure damage to windows, 
doors, wall cladding, roof cladding and roof cover along with the glazing failure due to 
windborne debris. The two failure mechanisms for super elements consists of wall failures due to 
inward and outward pressure loads for masonry and wood frame walls, and the roof-to-wall 
connection failure for both wood and steel roof framing system. The foundation sliding, 
overturning and uplift failures for manufactured homes is analyzed at the system scale. 
External wind loads estimation. Two sets of wind loads are estimated in Hazus by a 
hybrid code/directional model at the C&C scale and system scale, respectively. The magnitude 
of surface pressures used in most current standards and codes is expressed in term of pressure 
coefficient pC  that is a function of the location on the building, and the direction and magnitude 
of the wind speed. The key assumption in the use of pressure coefficients for estimating wind 
loads, is that pressure coefficients, when normalized with respect to the peak gust wind speed at 












shown in Eq. (1-1), do not change with the changes in the flow characteristics (e.g., turbulence 
intensity) (FEMA 2009). This assumption is important and currently serves as the basis of most 
current standards, e.g., ASCE 7-10 in North America and Australian Standard AS1170.2. The 
code-specified pC  values alone are not suitable for damage prediction, because the maximum 
values of the pressure coefficients given in the codes for each zone do not necessarily occur 
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when winds approach from a given wind direction. Alternatively, Hazus model uses code-
specified loads as the basis and reconstructs the variation of the wind loads with wind direction 
by direction model.  
The general approach to develop the direction model is to maintain the maximum 
pC  
equivalent to the code specified values and to reproduce the dependency on wind direction by 
available wind tunnel data and current codes that represent the directionality effects. The 
direction model for roof pressures incorporates wind tunnel data provided by Stathopolous 
(1978), Meecham (1988), Ho (1993), Vickery (1984), Surry and Davenport and Mikituk (1993) 
as well as the United Kingdom Building Code (CP3) that reasonably reproduces the variation of 
wind loads with the direction. Similarly, the direction model for wall pressures utilizes various 
wind data sources including Ho (1993), Stathopoulos (1978) and Lin and Surry (1997) along with 
ASCE 7-95, SBCCI (1998 Edition) and the 1995 edition of the National Building Code of 
Canada. A set of cosine functions are developed to ensure the estimated peak magnitudes of 
wind loads correspond to the values specified in building codes. It is noted that for either roof or 
wall pressure coefficient pC , both positive and negative values are estimated. The magnitude of 
the wall pressures used for modeling wind loads for the prediction of wind induced failures of 
components and cladding were derived considering the pressure coefficients given in North 
American wind loading standards and/or codes, including: 
2 1/21 ˆ ˆˆ [ exp( / ) ]
2
i pi j pj i j
A
R V I C I C r dAdA    Eq. (1-2) 
The pressure coefficients developed by the hybrid code/directional model above are 
directed towards the damage prediction of the relatively small building envelope components. 
When applying those pressure coefficients to predict the overall wind loads effects, the assumed 
full correlation should be lessened, since those peak pressures are not necessarily simultaneous. 
The relationship of decreasing load coefficient with increasing averaging area for C&C is 
recommended by ASCE 7-10 (ASCE 2010), but not for the main wind force resistance system. 
To estimate peak integrated loads acting on a structure, the pressures are integrated using Eq. 
(1-2), where Rˆ is a peak force, moment or structural action, ˆ piC  is the peak pressure coefficient 
developed by the hybrid code/directional model (minus the mean value) at location I , iI  is an 
influence coefficient converting the pressure at location I  to a global force, r  is the distance 
between locations i and j, and   is a length scale that can be considered a measure of the extent 
over which the fluctuating pressures are correlated. The basic value of  is a function of the 
building height. 
Internal pressure estimation. Internal pressurization of the building is computed as the 
average of all external pressures at failed windows, doors and wall claddings.  
Load path/load sharing. The capacities for component and claddings (e.g., roof 
sheathing, roof cover, windows and doors) are given in terms of resistant pressure. Therefore, the 
directional pressure coefficient discussed earlier are integrated over a specific cladding at small 
scale and then compared with corresponding resistance. No load path or boundary condition is 
considered for component and cladding damage prediction.  
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For wood frame buildings, a whole piece of wall braced or sheathed together is treated as 
a super structural unit and its failure is judged by the lateral reactions in nail connections 
between the wall and top plate and/or bottom plate induced by wall surface pressures. No load is 
transferred beyond the simplified wall model. The interactions that the wall and roof act as an 
interlinked structural system are not represented by this simplified wall model. Therefore, the 
fact that the failure of one element may increase the likelihood of failure of others is ignored.  
Duration. Fifteen minute intervals over the entire duration of the storm. 
Summary of physical damage prediction model. External wind loads are estimated by 
a hybrid code/directional model to reproduce the effects of wind directionalities on the pressure 
coefficients specified for component and cladding in current standards. Internal pressure is 
calculated as the average of the external pressure at the failed openings. Failure mechanisms are 
defined based on the damage pattern observed by post disaster survey and the statistics of the 
corresponding ultimate capacities are collected. The failure predictions for component and 
claddings are direct comparison with allocated pressures and resistant pressures and thus no load 
path is involved. The wood frame walls are simplified as one super element and the interactions 
with the adjacent roof or walls are not considered. No more details on the modeling of frame 
system are released in the technical manual of the Hazus model. 
1.2.2 FPHLM 
The Florida Public Hurricane Loss Model (FPHLM) was initiated by the state of Florida 
in the early 2000s (Pinelli et al. 2008). It predicts exterior physical damages by engineering 
principles using a probabilistic component approach and interior building damage by a model 
based on engineering judgment (Pita et al. 2013). The existing building stock in the state of 
Florida is categorized into four common site-built building types by roof shape and primary 
construction material (Cope 2004).  The following review is focus on the wood framed building. 
Failure mechanisms. The building structure is broken down into components and super 
elements in a similar approach as the Hazus model does. Specifically, the vulnerability 
component of FPHLM targets 6 component and cladding (C&C) failures and four super element 
failure modes (Cope 2004).  The six C&C failures include wind-induced pressure damage to 
windows, doors, garage doors, wall sheathing, roof sheathing, and roof cover. The four failure 
mechanisms for super elements consist of wall failures due to shear, lateral loads, and uplift 
forces as well as the roof-to-wall connection failure.  
External wind loads estimation. The 1998 Minimum Design Loads for Buildings and 
Other Structures (ASCE 7-98) code provisions are the basis for the wind loads estimation in the 
FPHLM. The modifications to ASCE 7-98 include modifying the equations used to calculate 
surface pressures and re-mapping the pressure coefficient zones on the roof surface as a function 
of wind directions.   
Cope (2004) documented the details of how the ASCE 7 design provision is modified to 
estimate extreme wind loads for damage predictions in the FPHLM. First, the equations to 
determine the design pressures for the main wind force resisting system (MWFRS) and 
component and claddings (C&C) of low-rise buildings are listed in Table 1-2. The MWFRS is an 
assemblage of structural elements assigned to provide support and stability for the overall 
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structure. The system generally receives wind loading from more than one surface (ASCE 2010). 
Any component of an MWFRS must be designed for (1) the global demand it experiences as part 
of the MWFRS and (2) the simultaneous local demand it experiences as specified for C&C 
(Simiu 2011). Whereas, C&C refers to the elements of the building envelope that do not qualify 
as part of the MWFRS (ASCE 2010). The C&C loads are used to check individual member 
capacity and are dependent on the effective wind area. A smaller effective wind area corresponds 
to a higher external pressure coefficient. 
Table 1-2 Wind pressures for MWFRS and C&C in ASCE 7-98 and FPHLM 
 ASCE 7-98 
(Col 2) 
FPHLM (modified ASCE 7-98) 
(Col 3) 
Velocity pressure at mean 
roof height hq  
20.00256h h ZT dq K K K V I  
(Eq.(6-15) in ASCE7-06) 
20.00256 ,( 0.85)h h hq K V K   
(Eq.(4-1) in Cope (2004)) 
Surface pressure p  
[( ) ( )]h pf pip q GC GC   
(Eq.(6-18) in ASCE7-06) 
(0.8)[ ], 0.85h p pip q GC GC G    
(Eq.(4-2) in Cope (2004)) 
As listed in “Col 2”, the value 0.00256 is a function of air density and equivalent to 0.613 
in terms of SI unit. hK  is a velocity pressure exposure coefficient accounting for the terrain 
roughness, ZTK  is a topographic effect factor to consider the wind speed-up effect due to the 
sudden change in elevation, including a escarpment, ridge or hill. dK  is the wind directionality 
factor to reflect the direction dependent nature of wind loads, and I  is the importance factor.  
The modified equations corresponding to “Col 2” are summarized in “Col 3”. For hq  the 
velocity pressure at mean roof height, all factors are removed except the velocity pressure 
exposure coefficient that is reserved as 0.85 in Eq. (4-1). This is because the gust wind speed at 
mean roof height is lower than that at 10 m where the basic wind speed is defined in ASCE 7-98 
(ASCE 1998) and used in the FPHLM. The magnitude of hK  for the height below 4.6 m (15 ft) 
remains the same in ASCE 7-10, the latest version, for both MWFRS and C&C (ASCE 10). Eq. 
(4-2) is the basis to determine the wind loads in the FPHLM. Two sets of pressure coefficients 
are plugged into Eq. (4-2) to calculate the assigned wind loads to the structure surfaces at the 
global system scale and the local cladding scale, respectively.  
For the surface pressure p , a factor of 0.8 is applied to Eq. (6-18) in ASCE 7-98 to 
remove the built in safety factor. This is a key modification to adjust the design wind loads down 
towards more realistic wind loads for damage predictions in the FPHLM. “The safety factor 
embedded in the ASCE Component and Cladding (C&C) pressure coefficients on roof surfaces 
was determined by experimentation to be 1.25.” (P47 Cope (2004)). Therefore, its reciprocal, 0.8, 
is applied to Eq. (4-2) by the assumption that “the same level of risk is maintained in the design 
provisions for all building components” (P48 Cope (2004)). It should be noted that the risk level 
for C&C is applied to the MWFRS, which might not well represent the MWFRS wind loads 
since the averaging area is not at the same scale for MWFRS and C&C. 
For the pressure coefficients on MWFRS, the tabulated values specified in surface zones 
in ASCE 7-98 are utilized directly because the wind direction dependency is built in. However, 
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the selection of the wind incidence angles only cover two scenarios as shown in Figure 1-9: 
winds perpendicular to the ridgeline through cornering winds and cornering winds through winds 
parallel to the ridgeline. It is a compromise between the true spatial variability of the maximum 
wind loads, and the use of as few wind angles as possible to simplify the design procedure. The 
more attack angels specified in a building code, the more accurate will be the final estimate of 
the distribution of the maximum loads acting on the building.  
 
Figure 1-9 Surface zone definition for MWFRS in ASCE 7-98 (CASE A) Winds perpendicular 
to the ridgeline through cornering winds, and  (CASE B) Cornering winds through winds parallel 
to the ridgeline 
The pressure coefficients defined in ASCE 7-98 for MWFRS for the winds perpendicular 
to the ridgeline are illustrated in Figure 1-10 (a). Compared with wind tunnel test results as 
shown in Figure 1-10 (b), (c) and (d), it is evident that substantial details on spatial variations are 
neglected in standard provisions and the ignorance of the suctions on windward side wall edges 
may lead the design on the nonconservative side. G  of 0.85 is used to obtain pGC in Eq. (4-2). 
 
                                             (a)                                                                    (b)  
Figure 1-10 Comparison of pressure coefficients Cp used for (a) MWFRS in FPHLM (whole 





                                             (c)                                                         (d)  
Figure 1-10 (Continued) Comparison of pressure coefficients Cp used for (a) MWFRS in 
FPHLM (whole envelope), and (b) obtained by wind tunnel tests (half envelope) 
The pressure coefficients defined in ASCE 7-98 for C&C are the envelope of the worst 
loading scenario, which means the directionality of oncoming winds is not represented in ASCE 
standards. The directional nature of wind pressures is constructed in the FPHLM by 
“manipulating the mapped zones to represent observed damage patterns and wind tunnel pressure 
investigation results” (Cope 2004 P50). Three wind directions are considered as the varying 
angles of wind: winds perpendicular to roof ridgeline, parallel to ridgeline and cornering wind as 
illustrated in Figure 1-11. The characteristic dimension, a, is the lesser of 10% of the smallest 
horizontal dimension and 40% of the mean roof height, but not less than 4% of the smallest 
horizontal dimension or 3 feet (ASCE 1998). 
 
Figure 1-11 Zones of pressure coefficient pGC  used for C&C for gable roof in FPHLM  
In the ASCE 7-98 provisions, the gust factor and external pressure coefficient for C&C 
loads are combined into one term, pGC , that is dependent on the effective wind area of the 
component being designed and, in the case of roof components, on the roof pitch as well. The 
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pGC  values when the wind is perpendicular to the ridgeline are illustrated in Figure 1-12. The 
effective wind area for components is defined by ASCE as the maximum of two possible values: 
the tributary area for the component in question, and the span length times an effective width of 
one-third of the span length. In the FPHLM, the values taken from the ASCE 7-98 provisions for 
C&C external pressure coefficients are those with an effective wind area of 0.93 m2 (10 ft2) or 
less (ASCE 1998). The 0.93 m2 is the maximum area that requires no reduction in the value of 
pGC  and the reduction factors for the area greater than 0.93 m
2 but less than 93 m2 are graphed 
for different roof shapes in ASCE 7-98. 
   
Figure 1-12 Values of pressure coefficients pGC  used for C&C in FPHLM (half envelope) 
Internal pressure estimation. Two circumstances are considered for internal pressure 
estimation: the intact building envelope case and the building with any failure opening/openings. 
The combined internal pressure coefficient piGC is assigned as 0.18  for the intact building. 
This is because “extremely low barometric pressures mark hurricane events” and “the internal 
pressure in modeled homes is assumed to be greater than the outside pressure before any damage 
occurs to the structure”  (Cope 2004 P54). The value of 0.18 is the magnitude of piGC  specified 
for the enclosed building in ASCE provisions (ASCE 1998, 2010). At the presence of the 
building envelope damage to individual window, door or roof sheathing piece, the internal 
pressure is calculated as the weighted average of the pressure at the location of broken doors, 
windows and the garage door as shown in Eq. (1-3). Here, gar  stands for garage, inp  denotes 
internal pressure, ip  is the external pressure at the i th failed opening, and n  is the number of the 
building envelope failures. If any change occurs to inp  due to any new envelope failure, the 
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basic total pressure determined by Eq.(4-2) in Cope (2004) (see Table 1-2) is modified as Eq. 
(1-4). The positive 


















(0.8)h p inp q GC p   Eq. (1-4) 
Load path/load sharing. The structural damage is generally broken down to the 
component scale and the empirically prescribed load paths are used to distribute surface loading 
to each structural component. The damage to roof covering is judged by directly comparing the 
integrated surface external pressure and the component withstanding capacity specified in 
Southern Building Code Congress International (SBCCI).  The ability of the sheathing to remain 
fastened to the trusses or rafters is a critical component in the overall vulnerability of a residence 
to hurricane damage. The mean failure pressure tested for roof sheathing that are installed on a 
few flood damaged homes by Hurricane Floyd in 1999 is used to judge the failure of a whole 
sheathing panel. Therefore, similar to roof covering, no load path or load sharing is involved. 
Moreover, the damage to wall sheathing, doors, garage doors and windows is predicted in the 
same type of loads and capacity comparison.  
Three projected components of the total wind force generated from surface pressures on 
each wall are needed to be compared with wall capacity to withstand shear, lateral (out-of-plane) 
force and uplift force. The wood shear wall capacity is used in terms of resistance per linear foot 
according to 1997 National Design Specification for Wood Construction (NDS 1997). The out-
of-plane wind pressures on walls are resisted by the toe nail connections between wall studs and 
the sill plate and the wall sheathing nails. The respective capacity for an individual toe nail 
connection and a piece of 4×8 ft wall sheathing panel is determined according to NDS and 
Florida Building Code (FBC). The wall frame uplift capacity is taken as identical to the lateral 
(out-of-plane) capacity, since the nails are toed in at a 45 degree angle. The wind load transfer 
among walls is not documented by Cope (2004).  
The load redistribution was taken into account for roof-to-wall connections and the 
empirical load sharing was assumed for the adjacent connections to the failed one. For example, 
the one-third of the load is transferred to the two closest connector, and one-sixth of the load is 
distributed to the next closest intact connection on either side. This redistribution process is 
repeated until no new connection is discovered.  
Summary of physical damage prediction model. In the FPHLM, modified ASCE 7-98 
provisions are used to estimate wind loads, and the empirically determined load sharing is 
prescribed to distribute the produced wind loads to each structural component. Specifically, it 
directly uses the MWFRS pressure coefficients specified for two wind angles and reconstructs 
the wind directionality for three wind angles for the C&C pressures based on ASCE 7-98 
provision.  Velocity pressure is factored with a factor of 0.85 since the upstream wind speed at 
mean roof height is reduced by surface roughness compared with the wind speed at 10 m. The 
safety factor imbedded in the ASCE 7-98 is experimentally determined as 0.8 for roof 
component and cladding and is assumed to be the same for all structural components for damage 
predictions. All building envelope component (including roof covering, roof sheathing, wall 
18 
 
sheathing, windows, doors, and garage doors) is judged by direct comparison of the integrated 
wind pressures and its capacity. The load redistribution is considered only for roof-to-wall 
connections. No interactions among walls, roof and other secondary building envelope 
components are considered. 
1.2.3 Commercial Models 
Less information is released by commercial catastrophe models, e.g., the AIR, ARA, 
EQECAT and RMS models, compared to the two public hurricane loss models reviewed in 
Section 0 and Section 1.2.2. All information reviewed below is based on the model submission 
reports acquired by the Florida Commission on Hurricane Loss Projection Methodology 
(FCHLPM). The FCHLPM was established by the Florida Legislature in 1995, and its creation 
was to evaluate and certify loss models, and ensure the rate fillings are not excessive, inadequate 
or unfairly discriminatory (Pita et. al. 2013). The FCHLPM was formed with a panel of 11 
experts that represent the Florida Office of Insurance Regulation (FOIR), the insurance industry, 
the Florida University System (which provided expertise in finance, statistics, computer design 
and meteorology), Consumer Advocate, Citizens Corporation, Florida Emergency Management 
and the Florida Catastrophe Fund (FCHLPM 2010). 
The general approach for commercial catastrophe models is to group structures with 
similar performance under wind loads, usually by construction material, building height (number 
of stories), building occupancy, year built, and region of state (vulnerability region), etc. in the 
first step. Then base damage functions are individually developed for each “typical” building 
(defined as exhibiting “average” performance) within construction classes that are broadly 
defined, without reference to individual structural characteristics. The relative abundance of 
hurricane loss data collected by insurance companies facilitates the determination of average or 
“typical” building performance. Apparently, those base damage functions are developed by a 
direct regression approach. However, analyses of such data may not go beyond the development 
of an aggregate (or average) vulnerability function for a generic building class. Because the loss 
data available from insurance companies following a natural disaster is generally comprised of 
losses representative of a wide variety of buildings, often at best characterized by a common 
building class (e.g. wood or masonry), but lacking information on building-specific 
characteristics or mitigation features. 
To address the impacts of individual building feature to the overall damage in a 
component based manner, proprietary catastrophe models incorporate the contribution from 
structural features with the aggregated main trend. For example, the AIR catastrophe model 
addresses 30 structural and environmental characteristics, and is flexible to take into account 
either partial or complete information. The effects of such features are rigorously combined to 
develop mitigation curves that are dependent on both wind speed and construction class. The 
modification function captures the changes to the building vulnerability when certain building 
features are present and when information on such building features is known. The modification 
function varies with the wind intensity to reflect the relative effectiveness of a building feature 
when subject to different wind speeds. Weight factors are used to combine the effects of features 
whose interaction is complex and not necessarily additive (AIR 2011a). Another example is the 
RMS model that assumes the variability associated with the vulnerability functions, as measured 
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by the coefficient of variation (CV), to be a function of the Mean Damage Ratio (MDR). There 
are two things extracted by the RMS model from the historical claim data: the Mean Damage 
Ratio (MDR) and the MDR- CV relationship. The RMS model approaches the loss prediction in 
a component-based manner that enables the objective modeling of the vulnerability functions. 
That is, it develops the Component Vulnerability Model (CVM) according to engineering 
principles and calibrates the CVM by a regressed Mean Damage Ratio from historical loss data. 
Then, the calibrated CVM is used to develop vulnerability curves for classes and mitigation 
techniques not well represented in the claim data, for example, cases at higher wind speed ranges 
where little historical loss data is available, or cases for which historical loss data is sparse or 
incomplete. The MDR-CV relationship derived from the historical data is used to compute the 
uncertainty to associate with the computed MDR by CVM. Moreover, the CVM can gain 
insights into the potential reduction of losses associated with building features and hurricane 
mitigation measures (RMS 2011). 
Limited details are released from their submitted reports to the FCHLPM on how the 
surface wind loads are estimated and how wind loads are transferred from building envelope and 
distribute among structural components. The vulnerability of each component is generally based 
on its failure load, obtained from building codes, results of wind tunnel experiments, field 
observations and technical reports. These include building codes and standards such as ASCE-7 
(1994, 1998, 2010), FBC (2001), SBC (1997) and SFBC (1994). The reports include those by 
FEMA (FEMA 1992, FEMA 2005), the U.S. Department of Housing and Urban Development 
(HUD 1993), Natural Hazards Research and Applications Information Center. The reference of 
academic publication is not listed here for simplicity but ban be found in each following chapter. 
The damage occurring when one-minute sustained wind speed is above 42 mph at 10 
meter, equivalent to 46 mph (21 m/s) 3 second gust wind speed, is estimated. Wind speeds 
increase as the hurricane approaches, rising to a peak wind speed, and then begin to diminish as 
the storm recedes. Each time step is associated with a wind speed and each wind speed is 
associated with a damage ratio that can be defined as the ratio of the repair cost of the property to 
its total replacement value. The AIR hurricane model calculates the cumulative effects of wind 
(AIR 2011a). That is, when estimating damage to a property at any point in time, the damage that 
has occurred in the preceding period is take into account. For each successive time period, only 
the remaining undamaged portion from the preceding period is subjected to wind loads.  All 
proprietary models are validated against the available claim data. For example, overall, RMS has 
used over $11 billion of hurricane loss data from the U.S. and over $1.4 trillion in corresponding 
exposure data in the development and calibration of damage functions. This includes the 
following amounts of loss data by line of business: $10.4 billion for residential, $430 million for 
mobile home, $20 million for condo unit owners, $161 million for homeowners association, and 
$61 million for multi-family dwelling (RMS 2010). 
There are a few pieces of useful information gleaned from those submitted reports. One is 
that the hurricane duration is highlighted as another important factor in estimating wind damage, 
though it is a general consensus that damage should be correlated to peak gust for extreme wind 
conditions generated by hurricanes (AIR 2011b). Duration manifests itself at the weak link in a 
structural system by generating fatigue failure under repeated loading. As each connector is 
overwhelmed, loads are transferred to the next point of vulnerability. The longer the duration of 
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high winds, the longer this process will continue and the greater will be the resulting damage. 
Another viewpoint is that the damage due to wind is progressive, which means that a failure that 
begins at a localized level can eventually grow to a catastrophic level. Thus it is important to 
recognize the way damage progresses and the role and importance of building components at 
each stage of failure (AIR 2011a). Since the accuracy of damage prediction determines how a 
commercial catastrophe model survives and thrives, these vital but not well investigated issues 
indicate the potential directions where future improvement that be improved.  
1.3 Present Research 
The current research is built upon the previous accumulated knowledge on the hurricane 
induced damage to low-rise residential buildings and chooses to perform damage predictions by 
a component based engineering approach. The component based engineering approach is more 
scientific than econometric models that regress over historical claim data on the following 
aspects: (1) An engineering model is able to estimate building vulnerabilities for both a building 
stock including a variety of construction types and a specific building type. Whereas, the 
regressed vulnerability can only represent an aggregated “average” building type, since the claim 
data do not differentiate building features. (2) The accuracy of a regressed econometric model is 
affected by the bias and incompleteness of insurance claim data. This is because insurance 
companies usually sell coverage in preference to certain types of building, thus, claims above the 
limits or below the deductibles might be truncated or not recorded. (3) An engineering model is 
flexible to incorporate the updates in either building materials/construction practices or dynamic 
change in building inventory. In comparison the historic claim data is a snapshot of partial 
damage caused to a fixed building stock and thus may not well represent the future building 
stock. (4) An engineering model is able to quantitatively evaluate the effectiveness of mitigation 
measures to the overall building damage.  
The major contribution of the present research is to improve the estimation of building 
vulnerability that is the heart of a catastrophe model (Pita et al. 2013). The limitations of the two 
current public models lie in their applications of design philosophy to damage predictions. For 
the design of a new construction, the spatial and temporal fluctuating wind loads are reasonably 
estimated in a few surface zones on the conservative side and the load shares are prescribed as 
constants among structural components since the entire building sustains wind loads as a unit. 
However, the scenario changes for damage predictions. During the real wind and structure 
interactions, the spatial and temporal variations in wind loads, the dependency of wind loads on 
building damage status, and the load redistributions due to the malfunctions of overloaded 
structure portions must be accounted rigorously. Technically, the detailed information on wind 
loads could be stored into and retrieved from aerodynamic databases obtained from wind tunnel 
tests. Meanwhile, the developed finite element techniques are ready to be used to predict most 
nonlinear or dynamic structural responses. The prediction of peak structural responses under 
wind loading with a certain mean recurrence interval is achieved by integrating local 
meteorology data, wind tunnel aerodynamic database, and refined Finite Element analysis 
techniques as Database Assisted Design (DAD) does. The application of the DAD approach is 
currently focused on the MWFRS for buildings and its methodology is extended to predict wind 
induced building damage for both MWFRS and C&C in the current study.  
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Instead of modifying the traditional design procedures for damage prediction, the present 
study employs a methodology in the structured DAD framework for damage predictions, which 
updates the existing empirical engineering damage prediction into a strict engineering approach. 
The present research is dedicated to this advancement by three interrelated parts of research: Part 
I – the built up of aerodynamic database; Part II – the development of a comprehensive and in-
depth 3D analytical FE model; and Part III – the performance based damage predictions.  
Chapters 2, 3, and 4 form Part I that details the setup of aerodynamic database. The wind 
tunnel tests are considered as the best approach to accurately model the spatial and temporal 
characteristics of wind pressures as a function of the wind direction (Cope 2004) and to be 
combined with simulated hurricane winds and directions to estimate the loads (FEMA 2009). 
Chapter 2 investigates the correlation coefficients derived from a public aerodynamic database 
and indicates that the current design standards do not include the correlation effects and may 
misrepresent the worst loading case at a system level. The same problem exists for the modified 
version of ASCE provisions used by the current two public hurricane loss prediction models. The 
developed aerodynamic database in Chapter 3 (external pressures) and Chapter 4 (internal 
pressures) provides the wind pressure time histories for a typical low-rise building with realistic 
layout features. The direct use of pressure time histories avoids the loss of information that is 
inevitable in the quasi-static load estimation approach. 
While Part I provides the wind loads estimation, Part II focuses on developing a 3D 
comprehensive and in-depth finite element model that is capable to predict the structural 
responses for both the MWFRS and C&C. The realistic load path or load distribution is 
determined by the stiffness built in the FE model by incorporating the information of component 
geometry, material properties and nonlinear connection stiffness curves. No tributary area is 
assumed to transfer surface pressures to the frame system beneath the building envelope and no 
empirical load sharing is used to simplify the interactions between the structural components. 
Those simplifications are used in typical analysis of MWFRS by the DAD approach (Oh et al. 
2007) and the two public hurricane loss prediction models as reviewed earlier since the entire 
building is partially modeled in two dimensions. The first part of Chapter 5 details the complete 
information on this finite element modeling. 
In Part III, the damage predictions are carried out utilizing the structural responses output 
of the proposed FE model that is subjected to the estimated wind loads based on the aerodynamic 
database. The building envelope damage is investigated in Chapter 5 by assembling the failure 
criteria on seven failure mechanisms and targeting their respective first failure wind speeds and 
the vulnerability location. Chapter 6 develops the vulnerability curves for a selected roof corner 
by using a database assisted stochastic finite element modeling approach. The engineering based 
vulnerability curves are developed for the targeted seven individual structure performance 
criteria and their interplay. The obtained vulnerability curves that provide the expected mean 
damage ratio as a function of wind speeds can be further converted to the loss ratio, i.e., the 
repair cost of the damage portion over the property value, and be used to decide the premium 
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CHAPTER 2. CHARACTERISTICS OF WIND LOADS ON LOW-RISE 
BUILDING 
2.1 Introduction 
Windstorms can last for several hours, much longer than the earthquake duration that is 
of several seconds or minutes. Wind speeds vary with time slower than earthquake, which means 
the majority of the frequencies of the windstorms are one-tenth or one-fiftieth of that of the 
frequencies in the earthquake. Wind speeds vary with time and rarely repeat with time. The 
variations are due to the vortices in the air flow, moving forward at the mean wind speed. There 
are three main sources for the variations in the wind speed. The first one is the shear action when 
the air flows over the rough terrain. The second one is the alternate vortex shedding behind 
certain sections, e.g., the circular cylinder section. The third one is the vortices generated behind 
the wake of the structure upstream of the structure under study. The size of vertices varies in a 
wide range. Large vertices or eddies can fully envelope the structure. Therefore, each part of the 
structure will experience pressure or suction generated by the same eddy, which means the 
resulted total force on the structure has an evident trend. Small vortices may produce significant 
forces over local areas, e.g., windows or panels. However, their effects on the total force on the 
whole structure might cancel each other due to the lack of correlation among these small vortices. 
As a result, the large eddies interact with structures at the global level in a more coordinated 
manner than small eddies do.  
With this understanding, both the failures of main wind force resisting system and 
components and cladding should be accounted to predict the hurricane loss in dollars, because 
the former causes catastrophic collapse while the latter allows rain intrusion and leads to interior 
damage. Therefore, quantifying detailed wind loads on structures is the first step to design a safe 
and economical structure. If independent vortices in a wind field have the equal chance to 
interact with structures, the probability density function (PDF) of wind pressure follows a 
Gaussian distribution. If separation occurs, the PDF of wind pressure will deviate from the 
Gaussian distribution, which means a skewed shape of distribution with a longer tail over 
extreme values, a condition called non-Gaussian process (Gurley et al. 1997). For gable roofs, 
with a slope from 2 on 12 to 5 on 12, the wind pressures on the roof are fitted by the Type I 
Small distribution (Cope et al. 2005). 
The contribution of the local positive pressure and local negative pressure to aggregate 
forces may be amplified by coordinated fluctuations that are caused by large eddies as mentioned 
before. For example, if the negative roof edge pressure (upward) is fully correlated with the 
positive eave pressure (upward), the significantly greater aggregate loads will be produced for 
overhangs because the pressure on eave increases simultaneously as the suction on the roof edge 
increases. During a hurricane event, severe separations and high correlation in the wind field are 
more significant. However, the wind loads used in design or performance assessment guidelines, 
such as by the Florida Public Hurricane Loss Model (FPHLM) deviate from realistic wind loads 
to some extent. It modifies ASCE provision to predict wind loads by removing safety factors 
from the velocity pressure equation and wind pressure equation (Cope 2004). The limitation of 
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this modified ASCE provision is apparent: it fails to reflect the complex nature of wind fields of 
low rise buildings that are immersed in the highly turbulent lowest part of the boundary layer. To 
remove the safety factor for all zones on structure surfaces evenly might scale the overall 
aggregate forces down to a reasonable range. However, the modified wind pressure cannot well 
represent the details on specific locations, such as roof corners and overhangs. 
Under the assumption that hurricanes behave in a non-hurricane manner (i.e. the same as 
inland wind), wind tunnel tests can provide the probability characteristics and correlation 
coefficients as the basis for reproducing the wind pressure coefficients. The obtained statistics 
can be incorporated into a multi-variate stochastic simulation that is efficient and reliable to fill 
the gap of wind tunnel database and detect the potential peak loads by duplicating the measured 
wind field features. One application of stochastic simulations is presented by Cope et al. (2005), 
who found that the ratio of aggregate loads to the capacity of roof panels in ASCE zones 2 and 3 
hits 1.3 for 5 on 12 pitched roofs under wind parallel to the ridge line by assuming the 14 panel 
taps are fully correlated (Cope et al. 2005). The Windstorm Mitigation Initiative, part of the 
NIST/TTU Cooperative Agreement, provides time series of wind load data on generic low 
buildings for public access (T.C.E. Ho 2003). The advantage of this public electronic database is 
that all time series have been corrected to represent instantaneous wind loads on modeled 
structures.  
In this work, raw data from the literature is first analyzed to facilitate a study of 
residential low rise houses along the Gulf Mexico coastal line, supported by Gulf Mexico Sea 
Grant. The results of this work may provide good information for the planned study (including 
both experimental and analytical studies) on load paths of hurricane loads and the damage 
assessment of houses due to hurricane winds. The emphasis of this work is to derive correlation 
coefficients from raw wind pressure data and understand them within the context of mean wind 
pressure for a model with opening and a model with distributed leakage. Comparison between 
the two models with different levels of damage is addressed as well. 
2.2  Wind Tunnel Experiments 
Time histories of pressure coefficients are derived from the tests conducted in the 
boundary layer wind tunnel at the University of Western Ontario in the open terrain. The 
necessary details of the configuration of the wind tunnel experiments are briefly presented in this 
section while other details can be found in the original paper (T.C.E. Ho 2003). Two 1:100 
scaled one-story gable roof residential buildings are investigated in this chapter. Both buildings 
have the same full-scale plan dimensions of (24×38 m) (80ft by 125ft) without overhangs. The 
roof pitch is of 1:12. One model is constructed with an opening on one wall (Test 1, FE1), while 
the other one is built with distributed leakage on the same wall (Test 1, EE1). 
2.2.1 Profiles of Mean and Turbulence Intensity  
    Figure 2-1 shows the variation of the reproduced mean and turbulence intensity with 
height resulting from the open terrain simulation. They match well with the wind characteristics 




Figure 2-1 Normalized mean velocity and turbulence intensity profiles for the open 
terrain simulations. (T.C.E. Ho 2003) 
2.2.2 Pressure Tap Layout 
The pressure tap layout for both EE1 and FE1 and angle of incidence are shown in Figure 
2-2 where the ASCE 7-05 roof pressure zones are shaded as well. All instrumented taps were 
measured in turn within the sampling cycle of 100 seconds at a sampling rate of 200 Hz. The 
maximum time lag was of about 15/16 of the sampling rate. This time lag was corrected by a 
linear interpolation of the data within the same sample cycle. Hence, the raw pressure histories in 
the database were measured in the same time, which provides the basis for the correlation 
analysis. 
 
Figure 2-2  Pressure tap layout for cases of EE1 and FE1 (T.C.E. Ho 2003) 
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Tap 2001, with the coordinates of (-13.33, 62), is the point of interest, because it is close 
to the opening, one distributed leakage and the roof edge. Subsequent analysis on correlation 
coefficient between Tap 2001 and all other taps is carried out in Section 2.3. 
2.3 Analysis 
The obtained time series are referenced to the dynamic pressure taken at an upper 
reference level in the wind tunnel. These time series are converted by referring to the roof height 
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 is the covariance of the pressures measured on Tap 2001 and all the rest of the taps; 
x
 is the standard deviation of pressure of Tap 2001; and 
y
 is the standard deviation of pressure 
of any tap. 
Using the raw time series taken from (T.C.E. Ho 2003), analysis is conducted including: 
(a) mean pressure coefficients on the roof, windward wall and leeward wall, and (b) correlation 
coefficients between Tap 2001 and all other taps on the roof, windward wall and leeward wall. 
Both models with opening and with distributed leakage are analyzed at the angles of incidence of 
180º, 270º, and 315º. The correlation coefficients between Tap 2001 and all measurement points 
indicate the extent to which the correlated winds of large eddies can affect aggregate forces at the 
same time. Therefore, the correlation coefficient between two locations on the model buildings 
can be used to determine the size of the gusts. 
2.3.1 Model with a Small Opening 
For the model with a small opening, the mean pressure coefficients and correlation 
coefficients are calculated with Eq. (2-1) and Eq. (2-2) and shown in Figure 2-3 and Figure 2-4, 
respectively. The ranges of the mean pressure coefficients for the model with an opening for 
zone 1 (white), zone 2 (light gray) and zone 3 (dark gray) (see Figure 2-2) range from -0.4 to 0.5, 
-1.2 to 0.5, and -1.2 to 0, respectively, as listed in Table 2-1. The corresponding external pressure 
coefficients of components and cladding for partially enclosed buildings range from -1.0 to -0.9, 
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from -1.8 to -1.1, and from -2.8 to -1.1 (ASCE 2005). The comparison indicates that the C&C 
wind coefficients specified in ASCE provisions are evidently higher than the mean pressure 
coefficients obtained from the NIST database. Therefore, the codification of C&C wind 
coefficients is more likely based on the extreme pressure coefficient rather than mean values.  
Table 2-1 Mean pressure coefficients for two models tested in wind tunnel and ASCE C&C 
values 
 Zone 1 Zone 2 Zone 3 
Opening -0.4~0.5 -1.2~0.5 -1.2~0 
Leakage -0.4~0.1 -1.2~0 -1.2~0 
ASCE (C&C) -1.0~-0.9 -1.8~-1.1 -2.8~-1.1 
The worst scenario occurs when the flow is orthogonal to the ridgeline: the windward 
wall (left wall in Figure 2-3) is subjected to a positive pressure with the magnitude from 0.3 to 
0.5; the windward roof edge (left half roof in Figure 2-3) is subjected to a negative pressure with 
the magnitude of -1.2. The positive correlation between Tap 2001 and the windward wall taps 
nearby indicate that if the wind pressure of Tap 2001 increases, the aggregate force near Tap 
2001 will increase accordingly; the negative correlation between Tap 2001 and the windward 
roof edge indicates that if the wind pressure of Tap 2001 increases, the suction on the roof edge 
will increase correspondingly. The effect of the correlated wind, perpendicular to the ridgeline, is 
the simultaneous increment in pressures on the windward wall and the suction on the leading 
edge of windward roof, which may lead to the failure of the roof to wall connections installed on 
the windward wall. Additionally, the wall panel close to the opening might fail due to the 




Figure 2-3 Mean pressure coefficients for model with a small opening at (a) α=180 º, (b) α=270 º, 










Figure 2-3 (Continued) Mean pressure coefficients for model with a small opening at (a) α=180 º, 










Figure 2-4 Correlation coefficients for model with a small opening at (a) α=180 º, (b) α=270 º, 








Figure 2-4 (Continued) Correlation coefficients for model with a small opening at (a) α=180 º, (b) 
α=270 º, and (c) α=315 º 
For the cornering wind, the negative wind pressure coefficients and the correlation 
coefficients of low magnitudes are located on the roof edges along the Y-direction wall and the 
gable end wall. That is the evidence of conical vortices that may initialize external structural 
damage on roof corners and roof edges. The low correlation between Tap 2001 and the locations 
of conical vortices indicates that there is less coordinated wind actions at a large scale than at the 
local roof corner area. 
The wind parallel to the ridgeline produces comparatively mild pressures on the roofs. 
However, in the left roof the positive pressure is restricted in center part. What’s more, the 
circumscriptions between the positive pressure and negative pressure correspond to lines of low 
correlations. This similarity suggests the positive pressures are generated by reattached vortices. 
2.3.2  Model with Distributed Leakage 
For the model with distributed leakage, the mean pressure coefficients and correlation 
coefficients are similarly calculated and shown in Figure 2-5 and Figure 2-6, respectively. This 
model represents wind-structure interactions under the condition that buildings is not ideally 
sealed, since leakages could arise from the construction gaps or the devices equipped on the 
external wall. Similarly, the ranges of the mean pressure coefficients of the model with leakage 
for zone 1, zone 2 and zone 3 range from -0.4 to 0.1, -1.2 to 0, and -1.2 to 0, respectively, as 
summarized in Table 2-1. Their counterparts for C&C specified in ASCE 7-05 are still 
significantly higher.  
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The distributed leakage represented by small holes change the pressure pattern on the 
roof when the upstream wind is parallel to the ridgeline as shown in Figure 2-5. Suctions occur at 
the roof edges along the leeward end walls due to flow separations. The distributed leakage has 
limited impacts on the magnitude of pressure on the windward wall under the wind perpendicular 
to the ridgeline but leads to higher pressure in the middle of the Y-direction wall (left side wall in 
Figure 2-2) under the cornering wind. Under the cornering wind, suction on the roof corner is not 





Figure 2-5 Mean pressure coefficients for model with distributed leakage at (a) α=180 º, (b) 






Figure 2-5 (Continued) Mean pressure coefficients for model with distributed leakage at (a) 
α=180 º, (b) α=270 º, and (c) α=315 º 
 
(a) 
Figure 2-6 Correlation coefficients for model with distributed leakage at (a) α=180 º, (b) α=270 º, 









Figure 2-6 (Continued) Correlation coefficients for model with distributed leakage at (a) α=180 º, 







Both the mean pressure coefficients and correlation coefficients of models with a small 
opening and with leakage are studied based on the public simultaneous aerodynamic database 
provided by the Windstorm Mitigation Initiative. This is a project jointly sponsored by the 
National Bureau of Standards and Technology and Texas Tech University. The suction areas 
indicated by the mean pressure coefficients are consistent with post hurricane damage 
investigations. The correlation coefficients reveal the extent to which the measured pressure 
coefficients are coordinated. The measured mean pressure coefficients are significantly lower 
than the pressure coefficients specified for C&C in ASCE 7-95.  
The high spatial correlation among building surface pressures may produce significant 
structural responses but not directly incorporated in ASCE standards for the sake of simplicity. 
This may be compensated somehow by enveloping the worst loading cases in the codification for 
component and claddings. However, the unclear principles of how to combine those worst 
positive and negative pressure coefficients to the entire building surface as specified in design 
standards may fail to capture the worst loading condition at the system level. The unrealistic 
prediction of the system frame deformation may lead to the unreliable evaluation of connection 
behaviours that depends on the relative deformations between the nailing spots on the building 
envelope and the frame system. The quantitative predictions on the connection behaviours are 
critical to more accurately determine the structural damages, since most observed wind induced 
damage is not due to the insufficient capacity of wooden products but the failure of their 
connection details. 
The results of this work shed some light on the nature of the design standards and shows 
that neglecting of wind loads correlation may lead to misunderstanding the load paths of low-rise 
residential buildings. This provides good information for the following study on the hurricane 
wind effects on residential houses near the Gulf Mexico coastal line.  
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CHAPTER 3. WIND TUNNEL TESTS OF EXTERNAL PRESSURES ON 
HIP AND GABLE ROOF BUILDINGS 
3.1 Introduction 
3.1.1 Low-rise Building Aerodynamics 
Random vibration approach. The building aerodynamics is a complex phenomenon, 
and it is difficult to describe or predict the forces generated by windstorms perfectly or 
“deterministically” (Holmes 2001). Therefore, the random vibration approach or spectral 
approach chooses to use averaged quantities like standard deviations, correlations and spectral 
densities to describe the main features of both excitation forces and structural response. A typical 
way to estimate wind loads is to experimentally measure surface pressures and normalize them 
with respect to the peak gust wind dynamic pressures at roof height. The underlying key 
assumption is that those non-dimensional pressure coefficients do not change with the variations 
in the flow characteristics (e.g., turbulence intensity) (FEMA 2009) and form the basis for most 
current codifications. When pressure coefficients are experimentally determined for a specific 
building type, the wind speed is generally treated as the sole parameter to decide the magnitude 
of wind pressures.  
 In the random vibration approach, wind speeds, pressures and resulting structural 
response are generally treated as stationary random processes that include the time-averaged 
mean component X  and the rest fluctuating component '( )x t  as shown in Eq. (3-1).  
( ) '( )X t X x t   Eq. (3-1) 
Spectrum  is introduced to describe how quickly the fluctuating wind speeds, forces 
or structural responses '( )x t  vary with time. The integration of the wind speed spectrum over all 
the frequencies is the total mean square or variance as calculated in Eq. (3-2). The variance can 
be used to predict the amplification of dynamic loads over the mean response by, for example, 
the gust loading factor G  defined in ASCE7-10 (ASCE 2010). 
 Eq. (3-2) 
Aerodynamic admittance is introduced to relate the fluctuating wind forces to the 
variations in oncoming wind speeds in the frequency domain. As discussed in Chapter 2, 
aerodynamic admittance trends to be 1.0 in the low frequency zones (varying slowly with time) 
because the large eddies have a comparable size to structures and generate strong spatial 
correlation, and trends to be 0 in the high frequency zones due to the lack of correlation among 
small eddies. Figure 3-1 shows a general picture of how the variations in structural responses are 
related to the gusts or fluctuations in oncoming wind speeds. The amplification at the resonant 
frequency may result in a higher mean square fluctuating and peak response for structures with a 
low fundamental frequency than ones with higher natural frequency, since the majority of wind 
speed fluctuation frequencies are between 0.01 to 0.1 Hz. The aerodynamic admittance functions 
and mechanical admittance functions derived in this approach may be case specific and sensitive 




Figure 3-1 Aerodynamic admittance functions in gust loading (Davenport, 1963) 
Dependent variables of wind loads. Though the wind-structure interactions are 
complicated, it has been postulated that the wind induced structural responses are dependent on 
the variables shown in Table 3-1. Moreover, all those sixteen basic variables in Table 3-1 can be 
further expressed by thirteen independent dimensionless groups as listed in Table 3-2. The 
similarities between those dependent variables at a full scale and in wind tunnels ensure to obtain 
reliable measurements experimentally. 
Table 3-1 Basic variables for structural response to wind loading 
No. Symbol Physical meaning 
1  The mean wind speed at certain reference position 
2  Roughness length defining the approaching terrain and velocity profile 
3  Standard deviation of longitudinal turbulence 
4  Standard deviation of lateral turbulence 
5  Standard deviation of vertical turbulence 
6  Integral length of longitudinal turbulence 
7  Integral length of lateral turbulence 
8  Integral length of vertical turbulence 
9  Density of air 
10  Viscosity of air 
11  Acceleration due to gravity 
12  Density of structure 
13  Young’s modulus for structural material 
14  Shear modulus for structural material 
15  Structural damping ratio 
16  Characteristic length of structure 
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Table 3-2 Basic dimensionless variables for structural response to wind loading 
No. Symbol Note 
1  Jensen number 
2  Longitudinal turbulence intensity 
3  Lateral turbulence intensity 
4  Vertical turbulence intensity 
5  Length ratio 
6  Length ratio 
7  Length ratio 
8 /UL   Reynolds number 
9  Density ratio 
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Froude number (inertial forces (air)/gravity forces (structure)) 
11  Cauchy number (normal internal forces in structure/inertial forces (air)) 
12  Cauchy number (normal internal shear forces in structure/inertial forces (air)) 
13  Critical damping ratio 
3.1.2 Requirements for Pressure Measurement in Wind Tunnel 
Boundary Layer Wind Tunnels (BLWT). For most wind-engineering purpose, the 
wind field has been simplified in order to facilitate the reproduction of the wind flow 
representative of the full scale. There are three aspects that have been idealized (ASCE 1996). (1) 
The atmospheric boundary layer (ABL) near the site is locally stationary, which means that the 
time history segments recorded at any time have the same means and turbulent speed properties; 
(2) Only the characteristics resulting from the approach flow has been modeled to be 
representative of the local ABL conditions while the characteristics associated with the influence 
of the nearby structures and significant topographic features have been neglected; and (3) The 
approach flow is an isothermal boundary layer, which means this kind of flow is not affected by 
thermal stratification. Wind tunnels simulating this type of flow, a thermally neutral ABL, are 
classified as boundary-layer wind tunnels (BLWT). 
The minimum requirements for a BLWT include: (1) The mean wind speed profile and 
the intensity profile of the longitudinal turbulence component shall be modeled; (2) The relevant 
length scales of the longitudinal turbulence component, shall be modeled to approximately the 
same scale as that used to model buildings or structures; and (3) The longitudinal pressure 
gradient should be sufficiently small as not to affect the wind speed profile, intensity profile and 
the length scale simulated in (1) and (2). These requirements can be met for the models of 
1:1,000 scale. However, for low-rise structures these scaling ratios are too small and it is 
recommended to simulate the lowest 10% part of the ABL.  
Length scale. In an ideal case, the structure along with the approach flow should be 
scaled down together to achieve the wind loads representative of the full scale and the length 









where,  is a characteristic dimension of the building or structure,  is the aerodynamic 
roughness length of the terrain,  is the gradient wind height of the boundary layer, and   is 
the scale of turbulence. The subscripts m and p refer to model and prototype, respectively. 
However, in most applications, not all these three requirements are satisfied. If Eq. (3-5) 
is satisfied, which means the full range of turbulence eddy sizes is reproduced by the model, this 
type of simulation is classified as a full-turbulence simulation. In some instances, it is necessary 
to do a partial-turbulence simulation to maintain better geometric accuracy or to avoid the low 
Reynolds number at the cost of full-turbulence simulation. For low-rise buildings, a partial 
turbulence simulation is employed by satisfying Eq. (3-3). Such a simulation misses the effect 
resulting from the large-scale turbulence. Therefore, additional interpretation or analysis is 
necessary to be combined with the wind tunnel data to obtain the useful predictions of wind 
loads. 
Reduced frequency. The reduced frequencies at a model scale and at a full scale are 
required to be equivalent as expressed in Eq. (3-6), where D  denotes a characteristic dimension 
of the structure, f is the sampling frequency, and V stands for the mean wind velocity at a 
consistent height. The subscripts m  and p denote model and prototype, respectively. The 
prototype sampling frequency pf  is therefore determined by Eq. (3-7) where L is the length 
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Eq. (3-7) 
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Eq. (3-8) 
In wind tunnel tests, the parameters mf , mV , and L  are typically set as constants. The 
prototype scale wind speed pV  is a range of velocities under which the structure of interest may 
experience in its life span. Thus, the prototype scale sampling frequency pf  that is proportional 
to the prototype scale wind speed pV  as indicated by Eq. (3-7), is also a range. Eq. (3-8) 
describes the same equality of reduced frequencies but in terms of duration T . Similarly, the 
record length at model scale mT  is proportional to the prototype scale wind speed pV  as indicated 
by Eq. (3-8). Apparently, the upper limit of the interested a full scale velocity pV  corresponds to 
a longer duration T . Therefore, in the design of wind tunnel tests, the length of records at a 
model scale is decided by the upper limit of the interested velocity range. 
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Velocity Scale. The selection of velocity scale is chosen to maximize the sensitivity of 
the measurement instrumentation, including pressure transducers, force balances, and 
anemometers. For some cases, such as the study on the aerodynamic forces on the whole 
structure or local areas, the choice of the velocity scales is arbitrary as long as the model and 
full-scale flow are aerodynamically similar, i.e., independent of the Reynolds number. The 
velocity scale is thus determined by the facility limitations and the application convenience. 
Reynolds number. It is impossible to scale Reynolds numbers for the mean wind and the 
turbulence at the same time. However, this is not a strict rule. Reynolds number is independent 









The friction velocity *u  is equal to 
1 2
0( / )  , where 0  is the surface shear stress,   is mass 
density of air, and 0z  is the aerodynamic roughness length. It is generally believed that the 
distortion of the flow and the corresponding variations in the pressure distribution are negligible 
when Reynolds number is higher than 410 .  
3.2 Prototypes of Building Models 
There are two series of wind tunnel tests carried out in the Boundary Layer Wind Tunnel 
at LSU. One is the comparison tests conducted on three sloped gable roof buildings and one hip 
roof building with the full scale tests studied in Florida International University (FIU). Another 
one focuses of wind tunnel tests focus on typical low-rise residential buildings of realistic 
geometry and opening layout with and without garage. The comparison tests with FIU are used 
to verify the procedures of pressure measurement in wind tunnel tests while the tests on realistic 
low-rise buildings are used as the pressure data sources for the following structural analysis. 
3.2.1 Models of Small FIU Buildings  
The prototype defined by the FIU is not truly “full-scale” due to its smaller dimensions 
than typical low-rise buildings. The model heights in the full-scale tests are restrained to about 
half of the facility height. Because the outer parts of the simulated approaching wind field are 
more vulnerably influenced by the natural flow, it is safer to install the model in the inner part of 
the simulated wind field as shown in Figure 3-2. There are three full-scale model types, i.e., 
gable roof type, hip roof type and mono-slope type, tested by the FIU, while the wind tunnel tests 
are only carried out for the gable roof type and the hip roof type. The geometric parameters of 




Figure 3-2 One hip roof type full-scale test model in FIU 
Table 3-3 The slopes of the prototypes in FIU small building tests 







                                             (a)                                                                    (b)  
Figure 3-3 3D & 2D sketches for (a) gable type building, (b) hip type buildings, (c) 2D top view 
(gable type), (d) 2D top view (hip roof), (e) A-A section (gable type), and (f) B-B section (hip 









Figure 3-3 (continued) 3D & 2D sketches for (a) gable type building, (b) hip type 
buildings, (c) 2D top view (gable type), (d) 2D top view (hip roof), (e) A-A section (gable type), 
and (f) B-B section (hip type)  (Unit: inch, 1 inch = 2.54 cm) 
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3.2.2 Models for Aerodynamic Database 
To obtain realistic wind pressures on building surfaces and to investigate the effects of 
building geometric features, two 1:50 scaled models are constructed according to one 
representative building defined in the Florida Public Hurricane Loss Model (FPHLM) to 
investigate the impacts of building geometric features. With and without including a garage is 
the only difference between the two scaled models.  Most models studied in the existing public 
aerodynamic databases simplify the variety of building geometries into bluff bodies with 
rectangular footprints purposely. The inclusion of garage may change the flow patterns under 
certain wind angles. Therefore, the application of pressure coefficients provided for rectangular 
roof and building shapes to buildings with non-rectangular plan-view forms can be evaluated by 
the direct comparisons between the irregular model and that used in code provisions. The scaled 
models and their sketches of wind incidence angles are illustrated in Figure 3-4 and Figure 3-5. 
The data-based damage predictions in the following Chapters 5 and 6 are based on the pressure 
measurements on the rectangular plan-view model (as shown in Figure 3-5) that is convenient to 
















 Figure 3-4 Illustrations of a typical low-rise building with garage (a) photograph of the 1:50 
scaled model (with garage), and (b) 3d sketch of model and wind angles (with garage) 
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The prototype for the rectangular plan-view building as shown in Figure 3-5 is the 
South/Key CBG type house defined in the FPHLM. It is a 5:12 pitched gable roof house with the 
dimensions of 18.3 13.4 3.0  m for length, width and overhang height, respectively.  The model 








 Figure 3-5 Illustrations of a typical low-rise building without garage (a) photograph of the 
1:50 scaled model (without garage) and (b) 3d sketch of model and wind angles (without garage) 
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3.3 Test Configuration 
3.3.1 Wind Tunnel Components 
The Boundary Layer Wind Tunnel of Louisiana State University is an open-return wind 
tunnel with a test section of 2.44 m (L) × 1.32 m (W) × 0.99 m (H). It is powered by a 2.4 m 
diameter fan (Gregg 2006). The fan is powered by an 8.95 KW electric motor, which is capable 
of producing a free stream velocity up to 12 m/s. Wind flows through the honeycomb, screen and 
contraction cone before reaching the test section with a uniform wind speed and minimal 
turbulence. To initiate the growth of an atmospheric boundary layer, trip plates and spires are set 
up at the entrance to the 4.9 m long boundary layer section. An open terrain wind velocity profile 
was simulated in the tunnel with a roughness length 0Z  of 0.0142 m. Spires have been installed 
to produce an immediate velocity profile downstream over a short distance in front of the model.  
Test model is mounted on the 1.295m diameter turntable, approximately 6.12 m from the 
test section entrance. The isometric view of the LSU Boundary Layer Wind Tunnel is shown in 
Figure 3-6 and the side view is shown in Figure 3-7. 
 
 




Figure 3-7 Side view of the LSU Boundary Layer Wind Tunnel (Gregg 2006) 
3.3.2 Wind Velocity Measuring System 
Since the wind tunnel is an open-return type, it needs less time to reach a steady state 
temperature and the air won’t be heated up that much like the closed-circuit type. Therefore, hot-
wire devices can be used to measure the wind profile without the interference of the heated air 
flow (Holmes 2001). 
A constant-temperature anemometer (IFA300) manufactured by TSI Incorporated, also 
known as the Hot-wire system, is used to obtain the fluctuating velocities and velocity spectra for 
its high frequency sampling rate. A TSI 1211-20 standard hot-film is used as the probe. The 
system consists of a Wheatstone bridge and amplifier circuit that controls a tiny wire or film 
sensor at a constant temperature. When the heat is dissipated from the hot wire, the amplifier 
senses the bridge off-balance and adjusts the voltage on top of the bridge, which can be related to 
the wind velocity. This is used to find a relationship between the flow velocity and the voltage.  
The system is also designed with built-in signal conditioning and thermocouple circuits, 
which allows proper sampling conditions and temperature conditions. As a part of the package, 
IFA-300 Software offers convenient functions of calibration, data acquisition and post-analysis. 
The sensor mounted parallel to the probe axis and the support needles is shown in Figure 3-8.  
 
Figure 3-8 Hot-Film probe (TSI 1211-20) 
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In addition to the hot-wire system for velocity measurement, pitot tubes are used for the 
reference dynamic pressure measurement to quantify the pressure on the surface of the building 
in the non-dimensional form. This device is capable of measuring both the stagnation pressure 
and the static pressure of the moving air in the wind tunnel. The difference between the two 
pressures is obtained by connecting the two ports to the high and low ports of a water manometer 
or a properly calibrated pressure transducer.  
3.3.3 Pressure Acquisition and Tubing System 
The pressure measurement system consists of a pressure transducer connected to the 
various pressure taps on the scaled models through the tubing system. Scanivalve 
DSA3217/16Px (Serial#2100) is used as the pressure acquisition system that is interfaced 
directly to a computer through a TCP/IP communication protocol. 
The scanivalve DSA 3217 module contains sixteen transducer channels as shown in 
Figure 3-9. Each transducer channel measures relative to a common independent reference 
pressure port. Each Digital Sensor Array incorporates 16 individual, temperature compensated, 
piezo-resistive pressure sensor with an A/D converter and a microprocessor. The module can be 
used as a stand-alone pressure-measuring unit or synchronized with other data acquisition 
devices by using the external trigger signal. 
 
Figure 3-9 Scanivalve DSA 3217 module 
If there is no tubing system between the tap and the transducer, the fluctuating pressure 
will remain all the original features. However, tubing system must be introduced here due to the 
geometric constraints, because there is no room inside of the model for sensors. Meanwhile, this 
tubing system will cost an energy consumption and generate standing waves. The standing waves 
can generate unwanted peaks and a nonlinear variation of phase lag with signal frequency. A 
‘restricted’ tube system is adopted to remove the resonant peaks and give linear phase response 
characteristics. A 390 mm (15.35 in) long tubing system is used to connect each pressure tap to 
the pressure scanning modules. The tubing system consists of a 150 mm long, 1.37 mm (0.054 
in.) internal diameter (ID) vinyl tube connected to the model, a 200 mm long, 1.37 mm (0.054 in.) 
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ID vinyl tube connected to the pressure scanner, and a 40 mm long, 0.508 mm (0.02 in.) steel 
tube connecting the two vinyl tubes (top of Figure 3-10).  
 
Figure 3-10 Schematic sketch of the tubing system 
The tubing system’s frequency response was determined by comparing the direct (no 
tubing) measurement of a white noise signal with the measurement after passing through the 
tubing system. The difference in the frequencies before and after the white noise signal passing 
the tubing was ±10% for frequencies up to 100 Hz and the phase lag was almost linear as shown 
in Figure 3-11. If the upper-frequency response limit is 60 Hz as required in this Chapter and 
Chapters 4, the frequency response of the restricted tubing system is sufficient. 
  





Figure 3-11 (Continued) Frequency response characteristics of the pressure tubing system 
3.3.4 Data Acquisition Program 
Data acquisition is performed using National Instruments (NI) hardware and software. 
Analog voltage signals from the instruments are conditioned at signal conditioning modules 
installed on an NI SC2345 signal conditioning board. The conditioned analog signal is converted 
to a digital signal at an NI 6024E analog to digital (A/D) converter board. Then this digital signal 
is acquired by a desktop PC running NI Labview software. Data are written to files and easily 
read by other software such as Microsoft Excel and Matlab for post-processing. A diagram of 
this setup is shown in Figure 3-12. 
 




3.4 Simulation of Boundary Layer 
Both of the two series of wind tunnel tests have been carried out in the Boundary Layer 
Wind Tunnel at LSU. The assumptions behind the tests are: (1) the atmospheric boundary layer 
(ABL) near the site has been assumed locally stationary; (2) only the characteristics resulting 
from the approach flow has been modeled to be representative of the local ABL conditions; (3) 
the topography near the site is not complex and there are no significant buildings near the site; 
and (4) the component frequencies for wall panels or roof claddings are higher than 1-2 Hz. 
The requirements for all tests investigated in this chapter include:  
(1) The mean wind speed profile and the intensity profile of the longitudinal turbulence 
component shall be modeled;  
(2) The relevant length scales of the longitudinal turbulence component shall be modeled 
to be approximately the same scale as that used to model buildings or structures;  
(3) The longitudinal pressure gradient should be sufficiently small; 
(4) A partial turbulence simulation is employed by matching  0/L Z on the model to the 
corresponding value in the full scale; 
(5) The choice of the velocity scales is to maximize the sensitivity of pressure transducers 
and considers the capabilities of  the facility; 
(6) The distortion of the flow and the corresponding variations in the pressure distribution 
should be corrected when Reynolds number is lower than ; and 
(7) The blockage ratio should be within 8%. Corrections are generally required if 
blockage by the model of the building or structure (including the proximity model) 
exceeds about 8%. 
The terrain within and surrounding the prototype site is one of the most important factors 
affecting the wind loads on the structures. The components of the terrain, such as buildings and 
vegetations, affect the velocity and turbulence intensity of the approaching wind. In section 
6.5.6.2 of ASCE7-05 (ASCE 2006), Surface Roughness C is defined as open terrain with 
scattered obstructions having heights generally less than 30 ft (9.1 m). This category includes flat 
open country, grasslands, and all water surfaces in hurricane prone regions. According to the 
topography and geography of the prototype site, the ground surface roughness category is 
determined as Surface Roughness C.  
Length scale, velocity scale and temporal scale. For the comparison tests with FIU, the 
length scale is chosen as 1:20 to ensure the geometric accuracy. The selection of the velocity 
scale depends on the capacity of the fan. The wind speed of the approach flow is selected as 44% 
of the upper limit, which ensures the stability of the upstream flow. The mean value of the 
approach flow speed is 7.31 m/s at the overhang height. The respective wind speed at full scale is 
21 m/s and the test duration is 3 minutes as decided by FIU. According to the 







 , the measuring time for the model is 25.85mt s . 
Therefore, the temporal scale is set as 
25.85 1
180 7




For the aerodynamic database tests, the length scale is selected as 1:50 due to the larger 
prototype dimensions. The averaged wind speed at the pitot tube height (0.209m in model scale) 
is 7.31 m/s, which yields a speed of 6.33 m/s at the mean roof height in the model scale. The 
terrain around the prototype is assumed to be an open terrain, the same as the TTU building. 
According to the full scale observations provided by Chok (1988), the mean wind velocity at 4.0 
m is 10.6 m/s at the TTU building site with the mean power-law exponent of 0.15 and the 
longitudinal turbulence of 17% to 22% for the open terrain. Thus, the velocity ratio and the 
temporal scale are 1:1.7 (10.6/6.33 = 1.7) and 1:29 ((1/1.7)/(1/50) = 29), respectively. With the 
assumption that the test duration in the full scale is 180 seconds, the test duration in the model 
scale is 6.2 (=180s/29) seconds calculated according to the length scale and the velocity scale. In 
the present study, the distortion of the flow and the corresponding variations in the pressure 
distribution are negligible because the Reynolds number is 44.4 10  that is higher than 410  
(ASCE 1999).   
Table 3-4 Length scale, velocity scale and temporal scale 
Scale Name Value (model v.s. full scale) 
 Contras tests Aerodynamic database tests 
Length scale 
LC  1:20 1:50 
Velocity scale vC  1:2.8 1:1.7 
Temporal scale 
TC  1:7 1:29 
Quality of the simulated flow. An open terrain atmospheric boundary layer at the scale 
of 1:50 was simulated by placing exposure C spires at the entrance along with a 0.05-meter-high 
saw tooth trip placed 0.43 m downstream from the spires, and the floor roughness consisting of 
carpet. The velocity and turbulence intensity profiles (Figure 3-13) agree well with the ASCE 7-
05 specified values for Exposure C within 3 times of the building height, which indicates the 
sufficiency of the reproduction of the wind field (Gregg 2006). The integral length scale is at the 
same order, but 3 to 5 times smaller, compared with that in full scale, which means the missing 
of the large size eddies in the flow simulation, and this is a common issue due to the limitation of 
the wind tunnel cross section (Sharma and Richards 2003; Sharma and Richards 2005). The 
small scale turbulence simulation was achieved by matching the nondimensional power spectrum 
shown in Figure 3-13 and the Jensen number (model: 285 v.s. prototype: 286)  (ASCE 1999). 
This partial-turbulence simulation due to the mismatching of integral lengths is justified in this 








 Figure 3-13 Wind tunnel mean velocity profiles, turbulence intensity profiles, the longitudinal 





Figure 3-13 (Continued) Wind tunnel mean velocity profiles, turbulence intensity profiles, the 
longitudinal wind speed spectrum, and length scale at the roof height 
In both series of wind tunnel tests, the Reynolds number is around 
 
Therefore, the Reynolds number effect can be ignored. (  is the reference wind speed at 
building location.) Additionally, the blockage ratio is less than 5% and thus no modification is 
required.  
3.5 Tap Layout 
Pressure taps are placed along the edges and at the corner as much as possible to ensure 
less significant aerodynamic phenomena, e.g. flow separation or reattachment, are missed. 
Denser taps are constructed in the zones with higher code specified values.  
For the comparison wind tunnel tests, the tap layouts and the tap numbering for gable 
roof type and hip roof type are illustrated through Figure 3-14 to Figure 3-17. The tap layouts 
and tap numbering for the low-rise buildings with and without garage are similar. Only the 





Figure 3-14 3D gable roof model 
 
Figure 3-15 Layout of taps and wind angles for gable roof model (a) roof top, (b) front overhang, 





Figure 3-15 (Continued) Layout of taps and wind angles for gable roof model (a) roof top, (b) 
front overhang, (c) right overhang, and (d) wind incidence angles 
 




   
 
Figure 3-17 Layout of taps and wind angles for hip roof model (a) roof top, (b) left side wall, (c) 




























3.6 Test Results 
3.6.1 Tests of Small FIU Buildings 
The mean pressure coefficients and standard deviations for gable roof with 1:12, 5:12, 
and 7:12 slope as well as for hip roof with 5:12 slope are listed through Table A-1 to Table A-4 
in 0. The mean pressure coefficients compared with previous research documented by Xu and 
Reardon (1998) are listed in Table 3-5. From the comparisons through Figure 3-19 to Figure 3-
25, the measured mean Cp have the same magnitude and similar distribution. Therefore, the 
pressure measurement procedures used in the first series of wind tunnel tests seem to be 
reasonable. 









One model of 20° slope tested by 
Holmes (Xu and Reardon 1998) 
Figure 3-19 
7:12 (30°) Figure 3-21 
90 
5:12 (23°) Figure 3-20 




1:100 model of 18.4° slope tested over 
open terrain by Meecham (Xu and 
Reardon 1998) 
Figure 3-23 
45 Figure 3-24 
90 Figure 3-25 
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                         (a)                                                    (b)  
Figure 3-20 Mean  on gable roof (5:12) with 90 degree angle (a) LSU, and (b) Holmes (1980) 
 
                         (a)                                                    (b)  





                         (a)                                                             (b)  
Figure 3-22 Mean  on gable roof (7:12) with 90 degree angle (a) LSU, and (b) Holmes (1980) 
 
                         (a)                                                       (b)  






               (a)                                                                     (b)  
Figure 3-24 Mean  on hip roof (5:12) with 45 degree angle (a) LSU, and (b) Meecham (1991) 
   
 
                         (a)                                                   (b)  
Figure 3-25 Mean  on hip roof (5:12) with 90 degree angle (a) LSU, and (b) Meecham (1991) 
3.6.2 Comparisions between a Non-rectangular Typical Low Building with ASCE 7 
Buildings with a simple geometry can be designed routinely using design codes, while 
structures with complex or unique geometric features usually require more extensive design 
analysis. The code design procedures are usually empirically based on the data obtained from 
full-scale and scaled structural models.  The wind loading provisions in the chapter 6 of ASCE 7-
05 are developed from such methods.  In order to improve the existing codes and increase the 
public safety of structures designed using these codes, it is important to obtain and compare 
experimental and full scale data with the Code values. This section presents and compares the 
external pressure coefficients obtained from the wind tunnel experiments with the Code values. 
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 In ASCE 7-05, the external pressure coefficients specified for Components and 
Cladding (C&C) are combined pressure coefficients 
pGC  that can be determined according to 
surface zones. G  is the gust effect factor. For low-rise gable roof buildings with a roof pitch of 
7° to 27°, Figure 6-11C in ASCE 7-05 can be used to determine the roof 
pGC  values. The wall 
pGC  values can be determined using a similar figure, Figure 6-11A in ASCE 7-05. These figures 
are reproduced in Figure 3-26 and Figure 3-27, respectively. The first step in this procedure is to 
determine the effective width a  of a structure. The value of a  is taken as the smaller of 10% of 
the least horizontal dimension or 0.4h, but not less than either 4% of the least horizontal 
dimension or 0.9 m (3 ft), where h is the mean roof height. For the current model with a garage, 
a  is determined by Eq. (3-10). Once the effective width is found, the effective area of each zone 
is determined according to the specific building geometry. Thus, the value of pGC  is determined 
by the surface zone and the effective area collectively by using the graphs. The ASCE 7-05 
generalizes the procedure to 3 roof zones and 2 wall zones, which is graphed in Figure 3-26 and 
Figure 3-27.   
  min 0.1 13.41,0.4 4.44 1.34 max 0.9 ,0.04 13.41 0.54a m m        Eq. (3-10) 
In order to compare with ASCE 7-05, the measured peak pressure coefficients are 
multiplied by the gust factor G to give the counterparts for the combined pGC  specified in 
ASCE 7-05. The gust factor G  is calculated using equations (6-4) and (6-6) from the ASCE 7-05 
along with the turbulence intensity ZI  and the integral length scale ZL  at 0.6h from the length 













 Eq. (3-11) 
where, G  is the gust factor, ZI  is the turbulence intensity at 0.6h, Qg   and vg  are taken as 3.4 












where, B  is the horizontal dimension, h  is the mean roof height, and 
Z
L  is the integral length 
scale at height 0.6Z h . Table 3-6 summarizes the parameters used to calculate the gust factor.  
The gust factor can be calculated for each angle of wind attack, but the changes are insignificant 
(form 0.8-0.83).  Instead, the most conservative G  was used for all the angles.  
Table 3-6 Parameters used to calculate gust factor G  by section 6.5.8.1 of the ASCE 7-05 
h (m) 0.6h (m) TI or Iz Lz (m) B (m) Q  G 










Figure 3-27 Graphical procedure for calculating roof pGC  values (ASCE 7-05)  
Since the wind tunnel data is available for the entire structure, the five zones are further 
divided for a comprehensive comparison with ASCE 7-05. Specifically, Zone 1 is divided into 1a 
and 1b, zone 2 is divided into 2a-2i, zone 3 is also divided into 3a-3i, zone 4 is divided into 4a-4e, 
and zone 5 is divided into 5a-5j. Figure 3-28 shows the subdivision of the zones. Table 3-7 
summarizes the effective area used in the procedure and the resulting pGC  for each zone based 
on the ASCE 7-05. The results based on the wind tunnel data and the ASCE 7-05 method for all 
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subdivided zones are shown side by side in Table 3-7  for easy comparisons. Table 3-7 contains 
the net 
pGC  for each zone which corresponds to the addition of the pressures acting on the roof 
face and the underside of the overhang on zone 2 and 3 as described in Figure 6-11C of the 
ASCE 7-05 (Figure 3-27). The pressure and force coefficients presented in the ASCE 7-05 are 
based on 3 s gust speeds. Before the comparisons between the ASCE provisions and wind tunnel 
results that are generally normalized to the mean dynamic pressure over a longer duration, the 
wind tunnel measured peak coefficients 
pC  must be converted by dividing the square of the 
velocity ratio  3 3600/V V  or 2.33. Here, the test duration for the discussed model with a garage is 
10 seconds that is equivalent to 6 minutes at full scale. The mean velocity is considered invariant 
of the test duration based on the stationary assumption of oncoming wind speeds. The net pGC  
comparison is also plotted in Figure 3-29 in order to show the trend visually.  
 
 






Table 3-7 Comparisons of 
pGC  specified for C&C in ASCE 7-05 and wind tunnel counterparts 
Zone  Effective Area (m2) 
pGC  
ASCE (Figure 6-11C) Wind Tunnel  
max (+) max (-) max (+) max (-) 
1a 106.16 0.3 -0.80 0.032 -0.750 
1b 77.95 0.3 -0.80 0.180 -0.558 
2a 30.66 0.3 -2.20 0.112 -0.578 
2b 6.21 0.37 -2.20 -0.079 -1.302 
2c 6.38 0.37 -2.20 -0.092 -1.680 
2d 22.56 0.3 -2.20 -0.107 -1.046 
2e 6.21 0.37 -2.20 -0.015 -0.852 
2f 22.56 0.3 -2.20 -0.114 -1.041 
2g 6.21 0.37 -2.20 0.197 -0.916 
2h 22.56 0.3 -2.20 0.117 -0.510 
2i 6.21 0.37 -2.20 -0.042 -1.136 
3a 1.80 0.50 -3.40 0.077 -0.760 
3b 1.80 0.50 -3.40 0.073 -0.934 
3c 1.80 0.50 -3.40 -0.119 -2.673 
3d 1.80 0.50 -3.40 -0.103 -1.620 
3e 1.80 0.50 -3.40 0.102 -1.536 
3f 1.80 0.50 -3.40 -0.105 -1.839 
3g 1.80 0.50 -3.40 -0.097 -1.236 
3h 1.80 0.50 -3.40 0.275 -0.789 
3i 1.80 0.50 -3.40 0.113 -0.935 
4a 66.14 0.70 -0.80 0.526 -0.370 
4b 20.70 0.75 -0.88 0.207 -0.722 
4c 20.70 0.75 -0.88 0.136 -0.564 
4d 47.56 0.70 -0.80 0.549 -0.326 
4e 50.51 0.70 -0.80 0.615 -0.336 
5a 4.09 0.90 -1.20 0.786 -0.425 
5b 4.09 0.90 -1.20 0.537 -0.455 
5c 4.46 0.90 -1.18 0.527 -0.839 
5d 7.43 0.86 -1.16 0.176 -0.520 
5e 7.43 0.86 -1.16 0.125 -0.640 
5f 4.46 0.90 -1.18 0.597 -0.197 
5g 4.09 0.90 -1.20 0.653 -0.378 
5h 4.09 0.90 -1.20 0.508 -0.434 
5i 4.46 0.90 -1.18 0.141 -0.288 




Figure 3-29  Comparison of ASCE 7-05 pGC  and wind tunnel pGC  for thirty-five zones  
As shown in Figure 3-29, both the measured peak coefficients pC  (labeled as “WT pC  
Max” and “WT pC  Min”) and their corresponding pGC (labeled as “WT pGC  Max” and “WT 
pGC  Min”) are within the ranges of the combined pGC  specified in ASCE 7-05 for component 
& cladding (labeled as “ASCE 7-05 pGC  Max” and “ASCE 7-05 pGC  Min”). This implies a 
certain safety factor is imbedded in the ASCE provisions. It is noted that even when the safety 
factor as discussed in the review of the FPHLM model is removed by a factor of 0.8 (see Table 
2-1), the modified ASCE provisions (labeled as “ASCE pGC  Max × 0.8” and “ASCE pGC  Min 
× 0.8”) still give higher surface pressures than those based on the wind tunnel data. The resulted 
high load estimations may lead to overestimation of wind induced damages to typical low-rise 
buildings. 
3.7 Summary 
This Chapter details how to reach reliable pressure measurements by appropriately 
designing scaled models, reproducing upstream wind characteristics over an open terrain, and 
processing the measured surface pressures. The comparisons of the measured mean pressure 
coefficients with previous work verify the documented wind tunnel testing procedures. The 
comparisons between the measured external pressures on the model of a non-rectangular plan 
view and the combined external pressure coefficients pGC  specified for C&C in ASCE 7-05 
indicate the overestimation of local wind loads in ASCE7-05 and thus by the FPHLM. The 
measured external pressures of the model of a rectangular plan view will be used later as the 
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applied wind loads on the proposed FE model instead of using the modified ASCE provisions. 
The direct use of tap time histories minimizes information loss, especially on the wind 
directionality, spatial correlation and temporal variations. The database assisted design/damage 
prediction is a unified approach to estimate structural responses and is affordable currently due to 
the advances in the computational and digital storage capabilities. 
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CHAPTER 4. WIND-INDUCED INTERNAL PRESSURES OF BUILDINGS 
WITH MULTIPLE OPENINGS  
4.1 Introduction 
The performance of the building envelope, especially at openings, is critical for 
minimizing wind-induced damage to a building and its contents. Post-disaster surveys repeatedly 
and consistently show that failures due to over pressurization or wind debris during hurricanes 
that take place at a building’s openings (such as doors or windows) are significant to the total 
loss. Opening failures can lead to internal pressures that contribute as much, or more, as external 
pressures, resulting in an accelerated, progressive, building damage process from a localized 
level to a final catastrophic level. Therefore, it is important to recognize changes in the internal 
pressures at each stage of the opening failures to predict how the interactively updated loads are 
then transferred to the next point of vulnerability of a building. 
Previous studies have mainly focused on low-rise buildings with a single dominant 
opening yielding the highest internal pressures. The mean and RMS of the internal pressure 
coefficients were both found to be monotonically increasing functions of the ratio of the 
windward-to-leeward opening areas ( / )w LA A for this type of building (Holmes 1979). Thus, the 
building containing a single, windward opening corresponds to an infinite /w LA A  ratio, which is 
the worst-case scenario for building design. The external pressure at the opening is regarded as 
the driving-force to the air-slug oscillating through the opening, and the inward movement of the 
air-slug compresses the air inside and consequently increases the internal pressures. The 
fluctuations in external pressures, due to the upstream terrain roughness or the flow 
separation/reattachment on building surfaces, could be attenuated by a small opening, or fully 
transmitted to the internal pressure if the size of the failed opening is comparable with the size of 
the gust. The internal pressure fluctuations are governed by the external pressure fluctuations 
unless a further flow resonance (namely, the Helmholtz resonance) occurs when the ratio of the 
opening area A  over the internal volume 0V  exceeds a certain limit (Holmes 1979). The 
previous field-tests showed that the Helmholtz resonant frequency is below 10 Hz (Fahrtash and 
Liu 1990; Ginger et al. 1997; Ginger and Letchford 1999; Ginger 2000) where most wind energy 
is concentrated. Extensive research performed by wind tunnel and field tests was carried out for 
low-rise buildings, and this formed the basis for contemporary design standards.   
The primary variable to quantify the internal pressure is the opening area A , or combined 
with other parameters in the current standards. ASCE7-10 (2010) specifies 0A , the total area of 
openings in a wall that receives a positive external pressure (e.g., windward openings), as the 
parameter for grouping buildings into three categories (i.e., enclosed building, partially enclosed 
building, and open building). The worst case, that of the partially enclosed building, is 
characterized by the dominance of the positive pressure opening areas over the negative pressure 
opening areas (10% more) as well as the upper limit for the negative pressure openings and the 
lower limit for the positive pressure openings. Instead of using the absolute opening area 0A , the 
building Standard AS/NZS1170.2 (Standards Australia/Standards New Zealand 2002) selects the 
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comparative permeability, i.e., the ratio of the dominant opening area to the total opening area of 
other wall and roof surfaces, along with the dominant opening location to categorize the internal 
pressure in greater details. Here, a surface is considered to contain a dominant opening if the sum 
of all openings in that surface exceeds the sum of openings in each of the other surfaces 
considered one at a time. The worst case occurs when the ratio is greater than 6 (one surface 
contains the majority of openings), and the highest internal pressure is equal to the relevant 
external pressure at the location of the dominant opening. The implicit assumption here is that 
the mean internal pressures will not exceed the mean external pressures. The internal pressure 
tends to decrease with the decrement of the ratio—implying that, for a given dominant opening 
condition, the more the building is connected to the environmental flow, the less important the 
internal pressure will be. 
The two current hurricane loss-prediction models, the HazusMH MR4 model (FEMA 
2009) and the Florida Public Hurricane Loss Model [FPHLM (Cope 2004)], follow the Standards 
Australia/Standards New Zealand (2002) guideline, which is to take the averaged external 
pressure on all openings as the mean internal pressure without differentiating the opening area A 
(FEMA 2009; Cope 2004). The FPHLM assigns a coefficient of variation of 0.1 to both the wind 
speed and pressure coefficients to simulate variations in the wind loads, thereby oversimplifying 
the change in the internal pressure during the multiple-opening-failure process and neglecting 
potential amplification by the flow resonance. Since the average annual overall loss due to 
hurricanes is around US $5.1 billion (NOAA 2008), how much difference this simplified wind-
load-input approach might lend to building-damage predictions needs to be investigated. 
The measured internal pressure coefficients from previous wind-tunnel tests cannot be 
directly applied to the hurricane-loss prediction for a typical one-story, low-rise residential 
building. Most previous tests were tailored for a building with one dominant opening to obtain 
the worst-case scenario for design purposes, and, accordingly, their geometries or the dimension 
ratios were far from those of realistic residential buildings. Alternatively, a WERFL building [i.e., 
the Wind Engineering Research Field Laboratory, at Texas Tech University (TTU)] was 
designed with the dimensions closer to a typical low-rise building; however, it was still limited to 
a test building with only one door and one window (Yeatts and Mehta 1993). A 2-story, 4:12-
gabled house model was later constructed according to the Canadian Mortgage and Housing 
Corporation (CMHC) to investigate the compartmentalization effect by Kopp et al. (2008); but 
two of the three openings were located on the second floor where the wind speed was less 
reduced by the terrain roughness, which accordingly yielded higher values of piC . A similar 
increase in piC  caused by the higher-opening location was also observed in particle-image 
velocimetry tests (Karava and Stathopoulos 2012).  
Realistic building geometries, opening sizes, and opening locations have significant 
impacts on internal pressures. In this study, a South Central Keys region, concrete-block-gable 
(CBG) roof–type house of FPHLM was chosen as the prototype and was investigated 
systematically. Its geometry and the opening layout represent the majority of buildings in the 
entire South Florida and Florida Keys Region (Cope 2004). The National Association of Home 
Builders collected statistical data on the damage experienced with this type of home in the wake 
of Hurricane Andrew in 1992 (Cope 2004). The 17 openings typical of this type of home enabled 
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us to track the change of the internal pressures in both the magnitude and the distribution during 
the progressive failure of the multiple openings.  
This study is limited to the rigid structure and does not consider the issue of 
compartmentalization. 
4.2 Experimental Program 
4.2.1  House Model 
A 1:50 scale model (Figure 4-1) of the South/Key CBG type house was constructed with 
double walls to measure pressures on both the internal and external surfaces.  It was tested in the 
boundary layer wind tunnel at Louisiana State University. The prototype is a 5:12 pitched gable 
roof house with the dimensions of 18.3 13.4 3.0  m for length, width and overhang height, 
respectively.  The areas of the 17 openings (namely: three front windows, one front door, four 
back windows, one back door and eight side windows) are listed in Table 4-1. All the openings 
are below 5% of the wall area except the front door. 
 
 
 (a)  





      
                                                    (b)                                                              (c) 
Figure 4-1 (Continued) Scaled model (1:50): (a) model sketch, (b) model photo, and (c) internal 
volume chamber 
Table 4-1 Opening/wall Areas and Opening to Wall Ratios (full scale)                                 
Location Area (m2) Opening ratio (%) 
Front wall 55.74 15.4 
Front window 1 1.63 2.9 
Front door 3.72 6.7 
Front window 2 1.63 2.9 
Front window 3 1.63 2.9 
Back wall 55.74 18.4 
Back window 1 1.63 2.9 
Back window 2 1.63 2.9 
Back door 3.72 6.7 
Back window 3 1.63 2.9 
Back window 4 1.63 2.9 
Right wall 40.88 11.14 
Right window 1 1.14 2.78 
Right window 2 1.14 2.78 
Right window 3 1.14 2.78 
Right window 4 1.14 2.78 
Left wall 40.88 11.14 
Left window 1 1.14 2.78 
Left window 2 1.14 2.78 
Left window 3 1.14 2.78 
Left window 4 1.14 2.78 




Because the velocity ratio was 1:1.7 instead of 1:1, the internal volume was increased to 
ensure a reliable measurement of the internal pressure. A required internal volume was 
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where, /m fL L  = the model length scale;  , ,/H m H fU U = the velocity scale;  HU  = the mean wind 
speed at the mean roof height; and m and f = the model and full scale, respectively. The 
additional internal volume, 0.016 m3, was provided by attaching a 0.4×0.2×0.2-m sealed volume 
chamber under the turning table, as shown in Figure 4-1 (c).  
The pressure-tubing system (Figure 4-2) passing between the double walls along the 
borders was connected with the pressure taps and the pressure transducer beneath the wind 
tunnel turning table. A 40-mm-long steel-tube connection was introduced for each tap to remove 
the resonant peaks and to ensure the linear phase-response characteristics. The difference in the 
frequencies before and after the white noise signal passing the tubing was  ±10% for frequencies 
up to 100 Hz and the phase lag was almost linear. The upper-frequency response limit required 
was 60 = (1/1.7) / (1/50) × 2 Hz, if one assumes the full-scale upper limit of frequency response 
was 2 Hz (Holmes 2001). Therefore, the frequency response of the restricted tubing system was 
sufficient. 
 
Figure 4-2 Tubing system details 
In total, 188 external taps were placed on the model to measure the external pressure, and 
three internal pressure taps were used to monitor the internal pressure. All three internal pressure 
taps were arranged away from the openings to avoid the disturbance of the driving flow at the 
openings [Figure 4-1 (a)]. It is difficult to measure the external pressure at the opening without 
changing the flow pattern. Therefore, four external taps were placed around each opening and the 
averaged time history of these four taps was used as the approximation of the external pressure at 
the opening. Because leakages could arise from the construction gaps or the devices equipped on 
the external wall, no house can be ideally sealed. Eighty four pairs of holes, in total, were drilled 
into the double walls and connected by 0.876-mm-internal-diameter brass tubes to simulate the 
background leakage in the house envelope. The porosity ratio, which is the ratio of the total area 
of the background leakage to the dominant opening area, was 3%, 8%, and 11% of the area of 
the front/back door, the front/back window, and the side window, respectively. The total 
distributed leakage area is 0.02% of the total wall area, which is comparable to the well-
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constructed wood-frame houses. The blockage ratio was 4% of the cross-sectional area of the test 
section, within a 5% range where distortion effects are negligible (ASCE 1999). 
4.2.2  Terrain Model 
Assume the wind parameters of the South/Key CBG-type field site are the same as that 
for the TTU building, e.g., the mean wind velocity at 4.0 m is 10.6 m/s, the mean power-law 
exponent is 0.15, and the longitudinal turbulence is 17%-22% for open terrain (Chok 1988).  
An open-terrain, atmospheric boundary layer at the scale of 1:50 was simulated by 
placing exposure-C spires at the entrance along with a 0.05-meter-high saw tooth trip placed 0.43 
m downstream from the spires, and the floor roughness consisted of carpet. The velocity and 
turbulence intensity profiles (Figure 4-3) agree well with the ASCE 7-05 specified values for 
Exposure C within three-times of the building height, which indicated the sufficiency of the 
reproduction of the wind-field (Gregg 2006). The integral length scale was at the same order, but 
three to five times smaller, compared with that in full scale-meaning that the large-size eddies 
were missed of in the flow simulation, which is a common issue because of the limitation of the 
wind tunnel cross section (Sharma and Richards 2003; Sharma and Richards 2005). The small-
scale turbulence simulation was achieved by matching the nondimensional power spectrum 
shown in Figure 4-3 and the Jensen number (model versus prototype: 285/286)  (ASCE 1999). 
(In the current study, the partial-turbulence simulation, because of the mismatching of integral 
lengths, is justified for maintaining a better geometric simulation accuracy and reducing the low 
Reynolds number effects.) 
 
Figure 4-3 Wind tunnel mean velocity profiles, turbulence intensity profiles, and the longitudinal 







Figure 4-3 (Continued) Wind tunnel mean velocity profiles, turbulence intensity profiles, and the 
longitudinal wind speed spectrum at the roof height 
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The wind velocity at the mean roof height (4.40 m in full scale) was 10.75 m/s. The 
simulated wind-velocity at the pitot tube height (0.21 m in model scale) was 7.31 m/s, which 
yielded a speed of 6.33 m/s at the mean roof height in the model scale. Thus, the velocity ratio 
and the temporal scale are 1:1.7 (10.75/6.33 = 1.7) and 1:29 [(1/1.7)/(1/50) = 29], respectively. 
With the assumption that the test duration in the full scale was 180 seconds, the test duration in 
the model scale was 6.2 (=180 s/29) seconds calculated by the length scale and the velocity scale. 
In the current study, the distortion of the flow and the corresponding variations in the pressure 
distribution are negligible, because the Reynolds number is 44.4 10 , which was higher than 410  
given by ASCE (1999).  
The DSA3217 digital module (Scanivalve, Liberty Lake, Washington) was used to 
acquire the data at a sampling frequency of 500 Hz per channel per second. The sampling 
number was 180 / 29 500 3,103s Hz  , which was equivalent to the 3-min time duration at 16 
Hz at the full scale. The reference dynamic pressure was obtained with the pitot tube 0.86 m 
upstream of the model and 0.21 m above the floor to obtain the normalized internal pressure 
coefficient piC . The first readings of the 16 channels were taken before each run, and the 
averaged reading for each channel was treated as the initial value and subtracted for all the tested 
cases. The magnitude of the first reading without wind flow is approximately -5 Pa. 
4.2.3  Experimental Configurations 
All the test configurations in this study are listed in Table 4-2. Case 1 was tested to check 
the air tightness of the model with the complex geometry. The internal pressure is expected to be 
exactly the same as the ambient pressure if the model was ideally sealed. Cases 3 and 4 were 
examined to quantify the effect of the open-circuit type of wind tunnel on the internal pressure 
coefficient piC  under various opening configurations, as discussed later. The effect of the 
leakage was tested by comparing the results of Cases 1 and 2 (leakage but without opening), 5 
and 6 (small opening and leakage), and 7 and 8 (large opening and leakage). Moreover, a 
comparison of the results from Cases 5 and 7 or Cases 6 and 8 can directly show the effect of the 
opening size. Only one opening was open at a time from Cases 5 to 8. Case 9 was tested to 
investigate the multiple-opening effects on the internal pressure.  
4.2.4 Static Pressure inside House 
The LSU boundary layer wind tunnel is an open-circuit type wind tunnel (WT). Thus, 
when the fan is running, the static pressure measured by the pitot tube inside the test 
section, pitotp , is -96 Pa (with 44% fan capacity) from the differential scanner instead of 0 Pa as in 
the case of the prototype. The internal tap (i.e., a tap inside the model) reading, p , of an ideally 
sealed house should be 0 Pa (deferential pressure) for both situations. Consequently, the internal 
pressure coefficients would be 3.91 for the ideally sealed model tested in an open-circuit WT 
instead of 0 for the prototype, with the mean oncoming flow speed U  of 6.33 m/s according to  
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Table 4-2 Summary of the tested case configurations 




Leakage Front Wall Back Wall Left Wall Right Wall 
Opening Failure Order 
1 
Check model air tightness 
None None None None None 
 2 Yes None None None None 
 
3 
Quantify the effect of the 
open-circuit type wind tunnel 
on internal pressure 
Yes Yes Yes 
  
Front window 1, front door, front 
window 2, front window 3, back 
window 4, back window 3 ,back 





Left window 4, left window 3, left 
window 2, left window 1, right 
window 1, right window 2, right 
window 3, and right window 4 
5 
Effects of leakage/opening size 
None Front window 2 
    6 Yes Front window 2 
    7 None Front door 
    8 Yes Front door 
    
9 
Effects of multi-opening 
failure 
Yes Yes Yes Yes Yes 
Front window 2, front window 3, 
front window 1, front door, back 
door, back window 3, back window 
2, back window 4, and back 


















where p = the reading from the internal tap; 
pitotp  = the static pressure of the wind-tunnel reading 
from the pitot tube;  = air density; and U  = the mean wind speed at the mean roof height. 
To correct the false 3.91 number (from the open-circuit WT effect) to the correct 0 (i.e., 
prototype), the internal tap reading p should be compensated to eliminate the pressure difference 
caused by the open-circuit WT effect, which does not exist in the prototype. The amount of the 
compensation, p , is the difference between the external static pressure pitotp and the internal 
static pressure
housep  and decreases with the increase in the opening ratio. For an ideally sealed 
model, p  equals pitotp because housep is zero. When more openings occur in the building 
envelope, housep  approaches pitotp   and p becomes zero, and no compensation is needed 
because the internal pressure becomes an external one. In other words, no compensation is 
needed in calculating the coefficients of external pressures.  
It is well known that the transverse flow is very weak compared to the longitudinal flow 
in the wind tunnel. To measure the housep , the model was tested under 0 and 90° of wind 
incidence angles when the openings parallel to the oncoming flow were opened gradually 
[Figure 4-4 (a)]. Moreover, to avoid the interference of those weak transverse flows, the readings 
from the internal tap on the wall that was normal to the oncoming flow were chosen to measure 
housep  and then calculate p , the difference between tunnelp  and housep . Two curves of the p -
opening ratio relationship obtained under 0 and 90° (Case 3 & 4) were consistent with each other, 
and p  was observed to increase from -61.48 Pa to -1.49 Pa when the opening area ratio 
increased from 0.59% to 9.75% of the total wall area [Figure 4-4 (b)]. A five-order polynomial 
curve fitting was adopted as  
5 4 3 20.0113 0.3695 4.6791 28.6177 85.1760 102.6812p x x x x x      
 
Eq. (4-3) 
Eq. (4-3) can be used for the model with or without the distributed leakage, because the 
distributed leakage effect on housep  and p  is negligible. Therefore, the calculation of piC for the 



















   (b)                                                     
 
      Figure 4-4   Relationship between the compensation pressure p  and openings: (a) sketch 




4.3 Comparison with Previous Experiments 
The building with a dominant opening was the major subject in the previous internal 
pressure studies. The NIST model (Oh et al. 2007) and the CMHC model (Kopp et al. 2008) are 
the two models closest to the one used here. The opening area ratios and 
0 /V A  values ( A = 
opening area;  
0V = internal volume) for the NIST model, the CMHC model, and the current 
model are 3.3% and 116 m; 2.5% and 120 m; and 6.7% and 293m, respectively. Figure 4-5 
shows the comparisons between the maxima and the SDs of piC  for Case 2 (nominally sealed or 
only with background leakage), Case 7 (front door open only), and Case 8 (front door open and 






and 'piC  denote the mean, maxima, minima and SD of the 
internal pressure coefficient piC . All three models agree on the small magnitude of both piC

 and 
'piC  for the nominally sealed case. The NIST model and CMHC model have a larger 'piC  than 
the current model, because both of them have higher background leakage ratio (0.1%) than the 
current model (0.06%). The stronger turbulence correlation effects over the smaller model size 
could be another reason for the higher 'piC . The dimensions for the NIST model, the CMHC 
model, and the current model are 381 mm L ×244 mm W×122 mm H, 183 mm L×207 mm 
W×119 mm H, and 366 mm L × 268 mm W × 60 mm H, respectively, and the turbulence level is 
20% at the roof height for the NIST model and CMHC model and 17% for the current model. 
The CMHC model has stronger turbulence correlation effects because its size is smaller than the 
current model, but its upstream turbulence level is higher than the current model. 
 




Figure 4-5 (Continued) (a) Maxima, and (b) SDs of piC  versus incidence angles 
The piC

 and 'piC  for the dominant opening (Case 7 and 8) at 90˚ in the current data are 
much smaller than that in the CMHC model (CMHC 2.5% and CMHC 2.5% and Leak) and the 
NIST model (NIST 3.3% and Leak). This is reasonable because the 0 /V A  value of the current 
model is twice that of the other two models, which leads to a higher damping according to the 
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where a = air density; el  = effective length of the opening (approx. 1.0 A ); 0V  = internal 
volume;  = polytropic gas constant (taken as 1.4); 0p  = atmospheric pressure; A= area of 
opening; k= discharge coefficient (taken as 0.6);  U = mean wind speed at the mean roof height;  
pC  = pressure coefficient; and the subscripts e and i = external and internal, respectively. Eq. 
(4-5) is a second-order, nonlinear differential equation that describes the movement of the air-
slug driven by the external pressure based on the mass-conservation principle (Holmes 2001). 
The leakage reduces the internal pressure fluctuation to some extent; however, its effect 
on the SD 
'
pi
C is not significant. The current model did not show the large fluctuation at 0˚, 
which could be caused by the differences in geometries, e.g., the distance from the separation 
zones at the wall corner to the opening location. Although the fluctuation at 0˚ is large for the 
CMHC, the maxima piC

, as a result of the small mean value, does agree with the data from the 
current study. Generally, the current data share the similar trends with the results from the NIST 
and CMHC model; however, the comparisons show that the wind loads derived from the NIST 
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and CMHC model will overestimate the potential building damage than the current model 
because of differences in the building geometries and the layout of the openings. 
4.4 Effects of Opening Size and Location 
The basic statistics of 
piC  for Case 6 (small opening, front window 2, and leak) and Case 
8 (big opening, front door, and leak) with background leakage are reported Figure 4-6. Besides 
the data for the NIST model and the CMHC model, the mean and SD of a 1:50 scaled TTU 
building (Sharma and Richards 2003) is also included in Figure 4-6 (a) and (b), labeled TTU 
(Opening A). The size of the TTU building model is 276 × 184 × 80 mm (L×W×H), between the 
size of the CMHC model and the NIST model; its 
0 /V A  value is 196 and the opening area ratio 
is 5%, closer to the current model. However, its internal volume was not scaled by Eq. (4-1), 
which means a low damping or strong resonance in the observation. 
 










Figure 4-6 (Continued) (a) Mean, (b) SDs, (c) maxima, and (d) minima of  piC  
 In Case 8, shown in Figure 4-6 (a), the door opening yields a larger mean piC  than the 
Front window 2 opening from Case 6 [also shown in Figure 4-6 (a)] from 0 to 180˚ where the 
opening is windward. When the opening was turned to the leeward side, the door opening leads 
to a lower mean piC  than the Front Window 2 opening. This shows that the larger, single 
dominant opening causes a higher positive internal pressure for the windward opening and a 
lower negative internal pressure for the leeward opening than a smaller, singular dominant 
opening. In Case 8, as shown in Figure 4-6 (c), the maxima piC

 and the minima piC

 [Figure 4-6 
(d)] demonstrate the same trend and the inflection point shifts at around 180˚ wind-incidence 
angle. The opening-size effect for the current model on the SD 'piC  follows the same trend but is 




  and the 
SD 'piC  from the CMHC model, the NIST model, and the TTU model are reasonable because of 
their lower damping. The comparisons among these four models shown in Figure 4-6 indicate 
again that for a given internal volume, the larger the single opening area is, the lower the 
damping is, and the higher the magnitude of piC is. However, it is not appropriate to use the 
statistics of piC from previous tests that yield 115% higher piC  and 65% higher piC

 for hurricane 
damage prediction for the majority of real-life low-rise residential buildings because of the 
differences in the building geometries and the layout of openings. 
It should be noted that the turbulence intensity of the oncoming flow at the mean roof 
height has a large impact on the peak values and consequently on the SDs. In the current data, no 
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significant fluctuations occur when the oncoming flow is parallel to the wall containing the 
opening. The condition required to excite a large fluctuation for the internal pressure seems 
selective, because only one significant peak occurred at 45˚, and there was no another significant 
peak appearing around 135˚ as reported in the dataset from Sharma and Richards (2003). The 
opening in Sharma and Richards’ test was slightly off the center line of the test wall, which could 
partially explain why 'piC  is not symmetric about 90˚.  
The Helmholtz resonant frequency ,HH full scalef  for the prototype of the current model is 



















where AK  = the bulk modulus for air (= 0p ); BK = the volume stiffness of the building structure; 
and the stiffness ratio of /A BK K  = 0.2 for houses (Holmes 2001). Both resonant frequencies are 
within 10 Hz, which agrees with the previous field test findings (Fahrtash and Liu 1990; Ginger 
2000; Ginger and Letchford 1999; Ginger et al. 1997). The ratio of /A BK K  for the scaled model 
was 0 due to the rigid model constructed in the current study; therefore, the resonant frequency at 
the model scale ,modHH elf  is dependent on the resonant frequency at the full-scale ,HH full scalef , the 
















For the current model, the ,modHH elf  = 54.8 Hz and 67.7 Hz for Case 6 and Case 8, respectively.    
Figure 4-7 demonstrates that the Helmholtz resonance for 2.9% opening (Case 6, Front 





S  around the resonance frequency, which indicates the 
fluctuations of the internal pressure is further amplified by the Helmholtz resonance, not simply 
governed by the external pressure fluctuations. At the resonance point, external pressure 
fluctuations are also excited by the amplified internal pressure. The 
piC
S for the 2.9% opening 
(Case 6, Front Window 2) is below that for the 6.7% opening (Case 8, Front Door), which means 
the internal pressure associated with the large opening contains higher energy and is consistent 
with the spectra comparison among the three openings by Kopp et al. (2008). The current model 
is less likely to have the Helmholtz resonance due to its higher damping than most of the 
previous wind-tunnel tests. However, Figure 4-7 demonstrates that the flow resonance should be 
Therefore, to estimate the internal pressure for the low-rise buildings with realistic geometry and 
multiple-opening layout. Therefore, the constant coefficient of variation (0.1) used by the 












4.5 Comparison with ASCE7-10 
ASCE7-10 (2010) groups buildings into three categories, namely enclosed building, 
partially enclosed building, and open building by the parameter
0A , the total area of openings in a 
wall that receives positive external pressure. The partially enclosed building is assigned the 
highest 
piGC as 0.55  (G is the gust factor).  This type of buildings should comply with both of 
the following conditions:  
(1) The value
0A  exceeds the sum of the areas of openings in the balance of the building 
envelope (walls and roof) by more than 10%. 
(2) The value 0A  exceeds 0.37 m
2 (4 ft2) or 1% of the area of the wall that contains 0A , 
whichever is smaller, and the percentage of openings in the balance of the building 
envelope does not exceed 20%. If a building has each wall at least 80% open, it is 
classified as open building, and the internal pressure becomes 0. Cases that do not 
belong to these two categories are classified as enclosed buildings and are assigned a 
piGC  as 0.18 . 
Many WT tests reported that the ASCE7 (2010, 2006, 2002) specifies somewhat lower 
values for the Partially Enclosed Building (Karava and Stathopoulos 2012; Kopp et al. 2008; Oh 
et al. 2007). To make the Code values comparable to the WT test results, the pressure conversion 
factor WTF  between the WT data and ASCE 7-10 is introduced as 
2 2
10 ,3sec(1 2 ) / (1 2 )WT H m gust ZT h dF U U K K K I 
 
Eq. (4-8) 
where 10 ,3secm gustU = the 3-s gust wind speed obtained at a height of 10 m in an open country 
terrain; ZTK  = the topographic factor of 1.0; hK  = the velocity pressure exposure factor of 0.85 
for open exposure (see Table 6-3 in ASCE 7-10); dK  = the wind directionality factor of 1.0; and 
I  = importance factor of 1.0. The equivalent ASCE value is ( )pi eq WT piGC F C  (Oh et al. 2007). 
According to Eq. (4-8), the WTF  is 0.63 when 10 ,3secm gustU  = 8.63 m/s and HU  = 6.33 m/s. The 
code-specified values are divided by WTF   to obtain the equivalences in this wind tunnel study. 
The model results piC

 for Case 8 at 90˚ is 1.69, almost twice of 0.87 (=0.55/0.63), the 
equivalence of 0.55 specified in ASCE7-10 for the partially enclosed building, whereas the piC

 
for Case 7 is 135% higher than 0.87 [Figure 4-5(a)]. The current model was designed to measure 
the wind pressure for the purpose of damage prediction, and thus all the geometry features are 
chosen to represent the majority buildings in real life instead of capturing the worst piC  to show 
how the code underestimates the internal pressure. That is, in the current model, the value of 
0 /V A  is large, which trends to reduce the piC

 value, and the openings are located near the floor 
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where the oncoming flow was greatly reduced by the roughness and consequently leads to a 
reduced piC

. Therefore, the code values will more likely be exceeded in other more critical cases 
with a small ratio of 
0 /V a  and higher window locations. The piC

 for the partially enclosed 
building with a single opening [Figure 4-5 (a)] or with multiple openings [see the partially 
enclosed building with opening ratio from 0% to 8% in Figure 4-8 (a)] and for the enclosed 
building type with multiple openings [see the enclosed building with opening ratio from 8% to 
15% in Figure 4-8 (a)] indicate the code significantly underestimates the internal pressure of 
these two types of buildings. Figure 4-8 will be further discussed. 
      
(a)  
      
(b) 
Figure 4-8 Basic statistics of the internal pressure with distributed leakage for multiple-





4.6 Effects of Multiple Openings 
It is not uncommon for a building to have multiple opening failures during a strong wind 
event. Few studies have been carried out to investigate the effect of the progressive failure of the 
openings on the internal pressure. Case 9 was designed to show how the internal pressure 
coefficient 
piC  changes when the openings fail one by one. The model with multiple openings 
was tested under a 90˚ incidence angle, i.e., the oncoming flow is normal to the front wall, to 
explore the effect of the progressive opening failure on the internal pressure.  
The openings fail in the order of Front Window 2, Front Window 3, Front Window 1, 
front door, back door, Back Window 3, Back Window 2, Back Window 4 and Back Window 1, 
then all the left windows, and finally all the right windows, i.e., the locations of the openings 
start from the windward wall to the leeward wall and then to the side walls. The corresponding 
opening area ratio increases from 0.84 to 14.47%. Once an opening is open, it will maintain the 
open status until the end of the multiple-opening test while all other potential openings are shut. 
When the oncoming flow is normal to the openings, the openings on the windward wall always 
receive the positive pressure, while the rest of openings always experience the suctions (negative 
pressure), regardless of the order in which the opening failures occur. According to the ASCE7 
(ASCE 2010) definition, the building turns to the enclosed type from the partially enclosed type 
when the seventh opening, Back Window 2, was open.  
The internal pressure reaches its maximum of 0.93 when approximately 5% of the total 
wall areas are open and then decreases with the increase of the opening area ratio, as seen in 
Figure 4-8 (a). As demonstrated by the dotted line in Figure 4-8 (a), the measurement from the 
three internal taps separates more significantly when the opening ratio goes high. All the four 
basic statistics of piC  show a main trend to reach its peak when the opening ratio is from 2.53 to 
6.38% and then it decreases when the opening ratio increases further. If piC  decreases 
continuously with the increase of the opening ratio, piC  could reach 0 when the opening ratio is 
high, for example, 80%. This trend helps to explain why piGC  is 0 for the “open” type of 
buildings in ASCE7-10 (ASCE 2010). 
Figure 4-9 demonstrates the difference between the measured piC  and the approximated 
piC  using the methodology adopted by Hazus
®MH and the FPHLM damage prediction models 
(labeled approximated mean). In these two public models, the averaged peC  at all openings is 
taken as piC  at each time step. Figure 4-9 (a) shows clearly that this approximation is more close 
to the measured minima piC

 instead of the measured mean piC , although the main trends of the 
measured piC  and the approximated one are the same in many ways. Additionally, the 
approximated piC  for Case 5 (small opening) and Case 7 (large opening) under eight angles are 
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plotted in Figure 4-9 (b) and (c), respectively. Again, the approximated piC  are closer to the 
measured piC

. The comparison shows that it is necessary to develop a new approach to quantify 
the 
piC  to improve the wind loads’ estimation for the structural damage prediction. 
       
 (a)  
 
 (b)  
Figure 4-9 Measured piC , piC  and 
ˆ
piC  and the approximated piC  by the current two public 
models: (a) Case 9 multiple-opening test, (b) Case 5 single opening test (Front Window 2), and  





 Figure 4-9 (Continued) Measured piC , piC  and 
ˆ
piC  and the approximated piC  by the current 
two public models: (a) Case 9 multiple-opening test, (b) Case 5 single opening test (Front 
Window 2), and  (c) Case 7 single opening test (front door) 
4.7 Conclusions 
This study investigates the impact of the building geometry and the opening size on the 
internal pressure at each stage of the multiple-opening failure and obtains a full picture of the 
changes in the internal pressure when the opening failure progresses from one to all. These 
findings could be used as the wind loads input to predict the wind-induced building damage in a 
more rational manner. The following conclusions may be drawn for the internal pressure 
coefficients based on the observations: 
(1) The approximated piC   using the methodology adopted by the two current public 
models is closer to the measured minima piC

 at each stage of the multiple-opening failure. 
Therefore, this approach may underestimate the contribution of the internal pressure to the uplift 
force on the roof and overestimate the cancellation to the uplift force when the internal pressure 
is suction. 
(2) ASCE7-10 (ASCE 2010) significantly underestimates piC  for both the partially 
enclosed building and the enclosed building. The observed piGC  is up to 2.35 times of the code-
specified value for the front-door opening case; 
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(3) The Helmholtz resonance occurred at 57.7 Hz and 61.5 Hz for 2.9% and 6.7% 
single-opening cases, respectively, and the internal pressure fluctuations associated with the 
large opening contain higher energy than the smaller one around the resonant frequency. The 
flow resonance, dependent on the building geometry and the opening layout, should be 
accounted for more accurately to predict the potential damage for low-rise buildings. 
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CHAPTER 5. DAMAGE PREDICTIONS OF A TYPICAL LOW-RISE 
BUILDING UNDER HURRICANE LOADS 
5.1 Introduction 
The hurricane-induced economic loss, around $5 billion annually has far outweighed the 
loss caused by earthquakes and other natural hazards (Pinelli et al. 2004). Low-rise residential 
buildings, the most common surface buildings, have been repeatedly witnessed as the most 
vulnerable structures after strong windstorms. The complexity of the highly turbulent wind in the 
lowest part of the atmospheric boundary layer and the limited knowledge on the structural 
responses make it difficult to understand the capabilities of those non-fully engineered structures 
to resist wind loads. Typical low-rise residential buildings are designed using a conventional 
procedure that treats a building system as a few super components in two dimensions without 
considering their realistic three dimensional interactions. Therefore, though supposed to be 
highly redundant, typical low-rise residential buildings may not sufficiently secure their 
continuous load paths. Additionally, the building envelope failure is seldom completely 
incorporated into structural evaluations, though it is the most common one due to hurricane 
winds. A typical damage of envelope components, e.g., roof shingles or sheathing panels, not 
only allows the rainwater intrusion and causes additional content damages, but also produces 
flying debris that threatens neighboring buildings. Therefore, both reliable damage predictions 
and efficient mitigation measures for residential buildings demand a better understanding of the 
structural responses under realistic hurricane loads, including system responses and component 
responses. 
Finite element modeling (FEM) of low-rise residential buildings is a flexible and 
promising approach to accounting for the load sharing directly. It can provide a detailed picture 
of the contribution from each component to the system performance. Much of the previous 
numerical research was conducted on the quantitative determination of the load-sharing factor 
that reflects the influences of how a system imparts to a single representative 2D truss member of 
a truss assembly for the design purpose. The load-sharing ratio is defined as the mean ratio of the 
maximum combined stress index (CSI) including and excluding the effect of sheathings, where 
CSI is an index combining the bending stress and axial stress into a single parameter. Cramer et 
al. (2000) found that the load-sharing ratios ranged from 1.06 to 1.24 for typical wood-truss 
assemblies involving 7 or 21 trusses spaced at 610 mm (24 in.) on center and with spans up to 11 
m (36 ft.). At one time or twice the design load level, most truss members were subjected to a 
certain level of bending forces, but with substantial superimposed compressive or tensile forces. 
The parameter, CSI, was studied for L shapes, T shapes and a complex assembly by Gupta and 
Limkatanyoo (2008). They found that three system effects, namely, reduced applied load effects, 
truss-to-truss support effects, and stiffer truss effects, were not included in the conventional 
design procedure, yielding a 6-60% reduction of the maximum CSI for the cases investigated.  
Recently, Martin et al. (2011) investigated load paths in a complete 3D FE building 
model. In their study, wall nail connections were simplified by using an equivalent shear 
modulus corresponding to specific nailing schedules to account for the variation in shear wall 
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stiffness with different edge nail densities. Falk and Itani (1989) reported that this influence was 
more significant under higher load levels. The roof diaphragm modulus was considered much 
less sensitive to the nailing schedule since the roof sheathing was not blocked or nailed along the 
edges as wall sheathing panels (Martin et al. 2011). However, the variations of nail reactions are 
similarly dependent on the nailing schedule considering the enhanced panel integrity provided by 
H clips. In spite of its sufficiency to the load path analysis, Martin et al.’s modeling methods 
cannot provide realistic boundary conditions to the sheathings that are critical to the building 
envelope performance. Van de Lindt et al. (2007) reported that connection details were the key 
factors to secure continuous load paths and to reduce the loss of building skins (i.e., the roof 
sheathing). However, the damage prediction of low-rise buildings through FEM analysis was 
seldom conducted at the level of connection details. A static nonlinear 3D FEM was created to 
understand the load distributions and internal force flows of a light framed wood building by a 
collaborative research effort in Canada (Asiz et al. 2008). Their failure analysis focused on the 
uplift reactions of the truss-to-top plate toe nails and the connection that was judged as failed 
when the distributed uplift loads at a certain nail exceeded its peak force capacity. Thampi et al. 
(2011) further obtained the Von-Mises stress contours by analyzing a detailed nonlinear 3D FEM 
results under quasi-static wind pressures to compare with a damaged low-rise building hit by a 
tornado event. In their study, the nail connections and sheathing panels were modeled in depth 
but limited details of the modeling were reported.  
The rationale of this investigation is to develop a refined analytical methodology built 
upon the previous research to more accurately model the structural responses of a typical low-
rise residential building under hurricane loads. There are three primary objectives, namely, to 
incorporate (1) three dimensional system effects, including but not limited to the truss assembly, 
(2) the realistic sheathing panel size and placement without overestimating the diaphragm 
stiffness, and (3) the common nailing schedules employed in the field construction, which 
provides realistic boundary conditions to the sheathing panels. It is noteworthy that the proposed 
refined FEM is also promising to shed more lights on the structure capability to sustain loads 
beyond the first member failure. The first member failure was accepted as the limit state in the 
design concept but has been questioned on its conservatism for residential houses in the wood 
research community (Cramer et al. 2000). It is clear that a structure can still bear more wind 
loads when damage initiates in the most vulnerable portion, benefited from its substantial 
redundancies. This conservatism can serve as the safety backup for design but should be 
quantified rigorously for damage predictions and mitigations. The proposed FEM is an intended 
tool with the strengths and potentials to fill this critical gap in the current knowledge base 
regarding where the failure initiates and how it propagates, eventually leading to study the 
progressive failure of residential houses under hurricane loads. 
5.2 Finite Element Modeling 
5.2.1 Building Geometry and Components 
The prototype structure used in the present study is a one-story 5:12 pitched gable roof 
house with the dimensions of 18.3×13.4×3.0 m for length, width, and overhang height, 
respectively. This house is of the South/Key CBG type and is a representative building defined in 
the Florida Public Hurricane Loss Model (FPHLM) (Cope 2004). More information pertaining to 
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the geometry details and opening layout is provided by Pan et al. (2013). In the present study, the 
building is modeled as a timber structure since light-framed wood structures account for about 
90% of the existing residential house stock and approximately 95% of new homes in the US 
(Martin et al. 2011). A light-framed wood residential building typically consists of lumber 
frames (e.g., the truss assembly and wall frames), sheathing panels (e.g., roof sheathings and 
wall sheathings), joint connections (e.g., sheathing-to-lumber connections or lumber-to-lumber 
connections) and foundation hold-downs as load bearing components.  
The general-purpose structural analysis software, ANSYS (2009), is used to develop an 
analytical model of the selected prototype house. For lumber frames, both truss members and 
wall studs are represented by two-node linear isotropic beam elements with six degrees of 
freedom at each node. Both wall sheathings and roof sheathings are modeled using 8-node 
linear-elastic orthotropic shell elements with six degrees of freedom at each node. While 
neglecting wall partitions may lead to over predict the shear wall forces by more than 100%, the 
structural responses in the higher portion of the building remain limited since the shear responses 
in the roof-to-wall connections are far below their peak resistances as reported by Asiz et al. 
(2008). Therefore, the internal wall partitions are not included here to simplify the modeling. 
This is also to be consistent with the model used in the wind tunnel test (Pan et al. 2013) that 
provides external and internal wind pressures for the present and future FEM analysis. The actual 
discontinuities between sheathing panels are modeled to avoid an overestimation of the 
diaphragm stiffness. The roof panels are placed in an offset pattern, that is, the edges of the roof 
sheathings in the direction parallel to the roof truss are staggered to be more realistic. 
Furthermore, this panel-by-panel modeling manner allows more realistically modeling two 
separate rows of nails on the common border of two neighboring panels.  
For nail connections, there are about 34 typical types in terms of the wood products 
jointed together and about 12 nail sizes involved in typical building constructions according to 
International Building Code (IBC 2011). Thampi et al. (2011) summarized four nail types to 
make the connection modeling practical as well as representative and are followed in the present 
study. The sheathing-to-frame nail spacing is chosen as 152 mm (6 in.) along the panel edges and 
305 mm (12 in.) at the intermediate supports according to Section 2304.9.1 Note b in 
International Building Code (IBC 2011). In the present study, each nail connection is modeled 
with three independent COMBIN39 elements to represent the load-displacement relationships in 
the X, Y, and Z direction, respectively. The COMBIN39 element is a zero-mass nonlinear spring 
connecting a pair of coincident nodes, and the load-displacement relationships between the 
coincident nodes are obtained by the laboratory tests documented by Dao and van de Lindt 
(2008) and Thampi et al. (2011). For foundation hold-down devices, the sole plates are rigidly 
connected to the foundation in this study. Thus, a continuous load path is formed to transfer the 
wind loads from the building envelope to the foundation. 
In the present study, the interior truss configuration is chosen as the “5/12 fink” 
configuration listed as one of the six typical truss types by Cramer et al. (2000) while the gable 
end trusses are modeled with the vertical webs spaced at 0.6 m (24 in.) as used by Martin (2010). 
Both truss members and wall members are the lumbers with a cross section of 38×89 mm (2×4 
in.). The wall studs are spaced at 0.4 m (16 in.) while the roof trusses are spaced at 0.6 m (24 
in.), 1.5 times of the stud space. The wall studs at corners consist of 2-2×4 and 1-2×4 studs (with 
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the narrow face toward outside) offset 0.1 m (4 in.) from the wall corner. The sole/head plate 
consists of 2-2×4 studs that are connected at a 1.2 m (4 ft.) interval. The framing around doors is 
strengthened by a nominal 2-2×12 in. header beam and double studs at both sides. The headers 
above windows consist of 2-2×10 in. studs. The ridge board connecting the gable trusses is made 
of 38 mm×184 mm (known as 2×8 in.) studs. 
Finally, 12,811 beam elements, 39,505 shell elements, and 25,428 nonlinear spring 
elements are created to set up a detailed numerical model with a total DOFs of 849,117. The 










5.2.2 Material Properties and Strengths 
All frame and sheathing members are expected to behave in the elastic range. The 
sources of material properties of both isotropic frame members and orthotropic sheathing panels 
are mainly from Martin et al. (2010) except that the Young’s moduli of the truss members are 
taken from Cramer et al. (2000) to match the truss configuration determined by the building floor 
plan. All the material properties used in the present study are summarized in Table 5-1. For roof 
plywood sheathings, an equivalent thickness is used for shell elements instead of the nominal 
thickness in the bending stress analysis to account for the orthotropic nature of wood, the species 
groups used for outer and inner plies, and the manufacturing variables involved (APA 1997). 
Table 5-1 Material properties 










Truss top/  
bottom chord 
38×89 mm (2×4 in.) southern pine 11.03 - 0.36 
Truss web 38×89 mm (2×4 in.) spruce-pine-fir 9.72 - 0.36 
Wall Stud 38×89 mm (2×4 in.) spruce-pine-fir 8.3 - 0.4 
Orthotropic 
material 
Roof sheathing 1/2 in. (13 mm) plywood 13.1/2.0 /2.0 1.0/1.0/1.0 0.08/0.08/0.08 
Wall sheathing 7/16 in. (11 mm) OSB 5.1/1.6/1.6 0.8/0.8/0.8 0.08/0.08/0.08 
 
This study is concentrated on a deterministic FEM analysis and variation of material 
properties are not considered here but will be incorporated in a future research to reproduce a 
more realistic situation. The building envelope damage predicted by the proposed FE model is 
compared with its counterpart witnessed in real life since the envelope performance has not been 
completely evaluated before but caused the major economic loss in the past. In fact, the 
combined failure mechanisms instead of a single one are usually responsible for the observed 
damage. However, for the sake of simplicity, seven relevant limit states are discussed separately 
to investigate the impact of the structural component to the envelope performance in the 
following sections. The seven limit states discussed include three nail connection failure modes 
(i.e., the nail shank withdrawal from the lumber, the nail head pull-through of the sheathing 
panel, and the nail load-slip failure) and four sheathing failure modes (i.e., the sheathing panel 
failure due to the shear stress, the bending stress, the axial forces, and the excessive 
displacements). Accordingly, the capacity for each limit state defined in design standards is 
listed in Table 5-2 as the criteria to judge the building envelope damage discussed in the later 






Table 5-2 Allowable stresses for Structure-1 plywood 
Structural 
component 
Response Type of force/stress 
Ultimate Capacity 
/ Failure stress  
COV % Sources 
Sheathing-to-
frame nail 
Withdrawal Axial reactions in nails 38 N/cm a,b 28.5 




Axial reactions in nails 313 N c/227 N d 11.7/15.1 
(Herzog and Yeh 
2006) 
Load-slip  Transvers reactions in nails 988 N e /1073 N f - (Mi 2004) 
Sheathing 
Axial g Tension/compression in plane of plies 6.76/6.69 MPa - (APA 1997) 
Shear g Shear through the thickness/ Rolling shear 1.07/0.43 MPa - (APA 1997) 
Bending g Extreme fiber stress in bending 9.86 MPa - (APA 1997) 
Disp. 
Displacement at the middle span of 
sheathing panels 
1/120L h - (IBC 2012)a 
 
a. 15 mm plywood panels connected to the frame lumber by plain nails (2.5 mm × 57 mm, Senco Product BJ23E) 
under a dry-dry exposure condition. 
b. Nail withdrawal strength within the test range is not sensitive to the panel thickness. 
c. 13 mm plywood panels connected to the Southern pine frame lumber under a dry exposure condition by 8d box 
nails (3mm × 63.5 mm with a head diameter of 7.5 mm). 
d. The same as note c except the wet exposure condition (24 hour water soak prior to the test). 
e. 11 mm OSB panels connected to 38mm × 89 mm No.2 spruce-pine-fir (SPF) by 63.5 mm 8d common nail 
connections. Nails were loaded perpendicularly to the grain. The nails were 2d away from the sheathing edge. 
f. The same as note e except nails loaded in parallel to the grain. 
g. The allowable stresses for plywood of “Structural-1 Grade Stress Level” under “Wet condition” by APA (1997). 
h. Table 1604.3 of the 2012 IBC for walls with flexible finishes. 
 
One major source for the capacities of the involved components is APA-the Engineered 
Wood Association (APA 1997) that has conducted comprehensive tests related to the engineered 
wood products in a systematic manner. Other available publications (Girhammar et al. 2004; Mi 
2004; Herzog and Yeh 2006; Dao, T., and van de Lindt, J. 2008 and Thampi et al. 2011) serve as 
the complementary sources to find the best match for the components in the proposed FE model 
and to ensure the appropriate use of resistances for comparison purposes. To the authors’ 
knowledge, there are rare comprehensive reports on the capacities of building components for 
the entire building system. Instead, most of the past research focuses on the capacities of a 
specific connection type, lumber size or sheathing grade individually. Since multiple factors may 
influence the capacity of each type of structural components and may consequently change the 
damage prediction results, those related factors are documented under each limit state in the later 
“Analysis Results” section and their impacts are directly discussed with the corresponding 
numerical prediction. 
5.3 Simulated Hurricane Loads 
Hurricane wind pressures are simulated via the wind tunnel tests on a 1:50 scaled model 
of a one-story 5 on 12 sloped residential building at the Boundary Layer Wind Tunnel of 
Louisiana State University. The mean wind velocity and turbulence intensity profiles for the 
open terrain condition are produced as Figure 5-2 shows. Totally, 3 internal taps are installed on 
the inner layer of the double walls and 188 external pressure taps on the outer layer of the model 
to determine the surface pressures on both sides of the building envelope as shown in Figure 5-3. 
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All tap pressures are sampled by Scanivalve DSA 3217 digital module at a sampling frequency 
of 500 Hz per channel per second. More details related to the test configuration and 
















Figure 5-3 1:50 scaled wind tunnel model: (a) wind incidence angles, and (b) scaled model 
details 
 (Prototype: 18.3 13.4 3.0  m Length × Width × Overhang Height) 
The measured surface pressures are then divided by the mean dynamic pressure hp  at the 
mean roof height h  of 4.4 m (full scale) to obtain the time history of pressure coefficient ,p hC (t) 
since this normalization is considered to produce the least variability (Ho et al. 2005). The mean 
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pressure coefficients ,p hC  are here used instead of , ( )p hC t  time series to target the most 
vulnerable components for the building envelope performance at less computational cost in the 
following “Analysis Results” section. This simplification is based on the quasi-steady 
assumption, i.e., the fluctuating pressure on a structure is assumed to follow the variations in the 
longitudinal wind velocity upstream (Holmes 2001). As a result, the peak pressure on the 
building surface can be predicted as  
2ˆˆ (1 2) a pp U C 
 
Eq. (5-1) 
where, a  is air density, pC  is mean pressure coefficient, and Uˆ  is peak gust velocity. The full 
correlation of pressure peaks is implied in Eq. (5-1). However, for its application over large 
areas, Eq. (5-1) is conservative, since the realistic pressures on the entire building envelope will 
not reach their peaks simultaneously. Therefore, the reduction is needed. The gust effect factor 
G  is introduced into Eq. (5-2) for a twofold purpose: to reduce this non-contemporaneous wind 
action and to account for the resonant amplification of structural responses due to turbulence 
(Solari and Kareem 1998) 
2
3





sU  is the maximum 3 second gust wind speed. In ASCE 7-10, 0.85G   is assigned for 
rigid buildings whose fundamental frequency is no less than 1 Hz (ASCE 2010). Eq. (5-2) is the 
basis for the wind load calculations to predict the building envelope damage in the current study.  
The mean external wind pressure coefficients ,p hC  based on 4-second measurements 
range from 97% to 105% of that based on 10-second measurements for taps near the ridgeline, 
leeward roof edge, and windward wall edges. The contours of the mean external wind pressure 
coefficient ,p hC  over 10 second measurements are shown on Figure 5-4 (a) and those mean 
contours are further discretized for the wind loading input on the refined FE model as illustrated 
in Figure 5-4 (b). The applied wind pressures on the developed FE model as calculated by Eq. 
(5-3) corresponds to 3 ,
ˆ Open
s hU , the 3 second gust wind speed at the mean roof height h  over the 
open terrain.  
2
3 , ,





s hU  is then adjusted from 4.4 m to 10 m according to the mean velocity profile to be 
equivalent to the 3 second gust wind speed at 10 m over the open terrain 3 ,10
ˆ Open
s mU  that is used in 
ASCE 7-10. To interpret the predicted structural responses in the “Analysis Results” section in 
terms of the Saffir-Simpson scale, 3 ,10
ˆ Open
s mU  is then divided by a conversion factor of 1.09 to obtain 
1 minute gust wind speed at 10 m above the open water 1min,10
Water
mV  according to Simiu et al. (2007). 
All the conversions among the wind speeds discussed above are tabulated in Table 5-3 for 
clarity. The wind speed discussed hereafter is the 3-second gust wind speed while its equivalence 
in the Saffir-Simpson scale is denoted in the following parentheses, i.e., 3 ,10
ˆ Open
s mU ( 1min,10
Water
mV ). The 
unit mph is kept here for the convenience of discussion in the Saffir-Simpson scale and it can be 














Table 5-3 Conversions among the involved wind speeds 3 ,
ˆ Open
s hU , 3 ,10
ˆ Open













mV   
(Saffir-Simpson scale) 
m/s 1 1.14 1.05(=1.14/1.09) 
Conversion 
factor and related 
parameters 
--- 
Mean velocity profile 








   
3 ,10 1min,10/ 1.09
Open Water
s m mV V  , when 
Exposure C surface roughness is 
0.03 m, open-water surface 
roughness is 0.005 m  
(Simiu et al. 2007) 
It is noted that since this study is to demonstrate the damage modeling procedure under a 
given wind loading, only the external pressure coefficients corresponding to the wind incidence 
angle of 90˚, i.e., the oncoming flow being perpendicular to the ridge line, are selected here. 
Higher structural responses or lower critical wind speeds are expected when additional wind 
incidence angles are investigated. For this particular wind incidence angle, the wind speed 
ranging from 22.35 to 127.40 m/s (50 to 285 mph) is applied as a scaling factor as implied in Eq. 
(5-3) on the proposed model at an increment of 2.24 m/s (5 mph). A series of non-linear static 
analyses are performed to identify the potential damaged areas indicated by the von-Mises 
stresses and further to evaluate the envelope performance by seven failure limit states. At each 
wind speed, the nonlinear model is loaded incrementally and solved by a full Newton-Raphson 
solution procedure where the stiffness matrix is updated in each iteration. Within each load 
increment, iterations are repeated till the equilibrium is achieved to satisfy the target convergence 
tolerances of both the force and displacement. 
5.4 Analysis Results 
5.4.1 Von Mises Stress Outputs 
To obtain a quick snapshot of the potential damage locations, the entire model is assumed 
to sustain wind loads as a unit here. More specifically, any overloaded portion is not removed 
from the model and the Von Mises stress is chosen as the sole index to reflect the complex three-
dimensional stress status throughout the 3D building system. For the isotropic material, the Von 
Mises stress threshold may have the same magnitude as the axial material strengths, either the 
tensile or compressive stress. In the present case, the tensile and compressive strength for the 
roof sheathing panels are 6.76 MPa and 6.69 MPa, respectively. However, reduction factors are 
introduced in APA’s Plywood Design Specification as 1/6 and 1/3 when the axial force is at 45˚ 
to the face grain for the tension and compression cases, respectively (APA 1997). Therefore, to 
include the nonhomogeneous characteristics of the sheathing panel, the threshold of 1.13 MPa, 
1/6 of the tensile allowable stress, is chosen in the present study to predict and visualize the 
potential damage areas.  
The results show that the Von Mises stresses always start to concentrate at the nail spots 
where the boundary conditions constrain the deformation of the building envelope and then 
develop toward the mid-span of the sheathing panels between the frame supports as Figure 5-5 
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(a) shows. This indicates that the initial failure modes may be related to the connection details 
and the subsequent failure modes may involve certain sheathing limit states, i.e., sheathing 
bending, sheathing shear, or beam buckling. The Von Mises stresses exceed the threshold at the 
lowest sheathing panel in the leeward roof as well as the windward gable end wall at 
3 ,10
ˆ =114Opens mU mph ( 1min,10 =105
Water
mV mph ).  
At 3 ,10
ˆ =Opens mU 196 mph ( 1min,10 =
Water
mV 180 mph) wind speed, a Category 5 hurricane event, the 
Von Mises stresses develop significantly at the leeward roof sheathing panels, the windward 
gable end walls, and the windward wall edges as shown in Figure 5-5 (b). All those potential 
damage zones correspond to the wind suction areas of pC  contours as shown in  
Figure 5-4 (a). It is also noteworthy that those predictions under a single wind attack 
angle qualitatively agree well with some of the observed failure areas caused by rotating wind 
structures at roof edge sheathings, gable end walls, and side walls as shown in Figure 5-5 (c) and 
(d). Those agreements indicate that the proposed refined FEM is able to capture the detailed local 
damage in addition to the global responses that are typically predicted by most previous 
simplified FE models, such as displacements and/or reactions at key locations. 
  
(a)  
    
(b) 
Figure 5-5 Comparison of predicted potential damage areas (a) and (b) with observed building 







          
         (c)  (d)  
Figure 5-5 Comparison of predicted potential damage areas (a) and (b) with observed building 
damages in (c) and (d) 
Further investigations on each of the seven failure modes and the corresponding initial 
failure wind speed are discussed in the following subsections to link the potential damage areas 
indicated by the Von Mises stresses to a specific failure mode. No combinations of the seven 
failure modes are considered here in order to observe how each failure mechanism affects the 
overall building envelope performance separately.  
5.4.2 Displacements 
The total displacement of each point on the building envelope consists of two parts, i.e., 
the local displacement of the cladding supported on the undeformed frame, and the 
displacements due to the global building frame deformations and the sheathing-to-frame 
connection elongations or rotations as shown in Figure 5-6 (a). From Figure 5-4 (a), it is clear 
that the windward wall, windward roof, and the leeward part of the side walls sustain 
compressive pressures while the leeward roof, the windward wall edges, and the leeward wall 
experience suctions. The lumber frame, including the truss assembly and wall frames, responds 
to the total wind loads as a unit on the system scale instead of being controlled by the local 
pressures. For example, the windward wall studs and the wall studs near the windward edges of 
the side walls are bent outward due to the compressive pressures on the windward roof as shown 
in Figure 5-6 (b). The displacements of the sheathing panels between the supports, i.e., the wall 
studs or the truss frames, are primarily determined by the actions of the local wind pressures. For 
example, the wall panel displacements between the wall studs on the windward wall are toward 
inside due to the local compressive pressure in spite of the wall studs are bent outward due to the 
global deformation under the compressive (positive) surface pressures transferred from the 
windward roof. 
The predicted maximum displacement occurs at the second lowest row of the roof 
sheathing at the leeward roof when the wind speed is from 3 ,10
ˆ Open
s mU   55 to 165 mph ( 1min,10
Water
mV  50 
to 150 mph), i.e., up to the Category 4 hurricane scale. When the oncoming wind speed exceeds 
3 ,10
ˆ Open
s mU  165 mph ( 1min,10
Water
mV  150 mph), i.e., Category 4 and above, the maximum displacement 
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shifts to the side wall sheathing close to the first side window near the windward edge as shown 
in Figure 5-6 (a). This indicates that the localized suction determines the envelope response in 
the low wind speed range while the frame system response to the overall wind loads decides the 
location of the maximum displacement in the high wind range. The frame system response may 
be responsible for the maximum displacement at even lower wind speeds in the presence of 
internal pressures due to the dominant windward openings. At 3 ,10
ˆ Open
s mU  115 mph ( 1min,10
Water
mV  105 
mph), the predicted maximum displacements are 6 mm in the low edge sheathing on the leeward 
roof. If the panel deflection criterion is set as 1/120 of the roof truss span (24”/120 = 0.2”= 5 mm) 
in accordance with Table 1604.3 of the 2012 IBC (IBC 2011), the corresponding failure wind 
speeds are 3 ,10
ˆ Open
s mU  115 mph ( 1min,10
Water
mV  105 mph). 
  
(a)  
Figure 5-6 Displacement contours under wind pressures at 3 ,10
ˆ Open
s mU  163 mph ( 1min,10
Water
mV  150 mph) 









Figure 5-6 (Continued) Displacement contours under wind pressures at 3 ,10
ˆ Open
s mU  163 mph 
( 1min,10
Water
mV  150 mph) (a) Total displacement contours in WT load case, and (b) Frame 
displacement contours 
5.4.3 Nail Withdrawal 
The nail withdrawal is one dominant failure mode observed in wood panels when the nail 
embedment fails (FEMA 2005a). The nail withdrawal resistance is commonly determined by the 
surface friction that holds an embedded plain shank nail in a structural panel. Additionally, the 
shear resistance provided by the annularly threaded rings of ring shank nails serves as a 
mechanical lock that further prohibits the withdrawal and increases the withdrawal capacity by 
276% compared to the plain shank nails under dry conditions (Herzog and Yeh 2006). A 
reduction factor of 0.75 is recommended by Herzog and Yeh (2006) for the applications exposed 
to wet service conditions under which a panel is soaked 24 hours before or after the nail 
installation based on their laboratory tests. The withdrawal capacities for three types of nails (i.e., 
plain shank, screw shank, and ring shank nails) connecting either an 13 mm roof plywood 
sheathing panel or 11 mm wall OSB panel to the lumber frame under dry and wet service 
conditions range from 92 N to 673 N (Herzog and Yeh 2006) as listed in Table 5-4. The wind 
speeds corresponding to the initial nail withdrawal failure for the roof and four exterior walls can 
be identified once the nail withdrawal reactions are output by the proposed FE model. The first 
failure wind speeds, i.e., the minimum wind speed initializing a failure, for the entire roof and 
the entire wall are listed in Table 5-4 along with the design wind speeds. The design wind speeds 
correspond to the allowable wall surface pressures determined together by the nail withdrawal 
capacity, nail head pull-through capacity, and panel capacities (APA 2012). 
The most vulnerable roof nail fails after the most vulnerable wall nail does. As shown in 




(referring to Figure 5-7 (a)) fails at 3 ,10
ˆ Open
s mU  185 mph ( 1min,10
Water
mV  170 mph) under the dry 
condition. It is 55% higher than 3 ,10
ˆ Open
s mU  120 mph ( 1min,10
Water
mV  110 mph) when the same type 
connection fails on the corner edge of the leeward wall (referring to Figure 5-7 (b)) under the dry 
condition. On average, the first failure wind speeds for the most vulnerable roof nail are around 
154% of those for the most vulnerable wall nail (156%=(170/110+150/95+150/95+130/85) 





Figure 5-7 Nail axial reactions (N) under wind pressures at 3 ,10
ˆ Open
s mU  153 mph ( 1min,10
Water
mV  140 
mph) (a) nail withdrawal reactions on front roof (windward), and (b) nail withdrawal reactions 




Table 5-4 Nail withdrawal resistances (R) and corresponding first failure wind speeds 
Panel thickness/ 
service condition 




R a  
(N) 
First failure wind 
speed (mph) R  
(N) 
First failure wind speed 
(mph) R  
(N) 
First failure wind 
speed (mph) 
roof wall roof wall roof wall wall 
13 mm (1/2”) 
Plywood 
dry 
184 185 (170)c,d 120 (110) 673 
311+ (285+) 
 





 (8d nail) 
13 mm (1/2”) 
Plywood 
wet 
138 164 (150) 104 (95) 505 196 (180) 127 153 (140) 98 (90) 
11 mm (7/16”) 
OSB 
dry 
138 164 (150) 104 (95) 534 207 (190) 123 153 (140) 98 (90) 
11 mm (7/16”) 
OSB 
wet 
103 142 (130) 93 (85) 400 278 (255) 180 (165) 92 131 (120) 87 (80) 
 
a. “R” denotes resistance. 
b. “Design wind speed” is converted from 3 second gust wind speed at the mean roof height of 9.14 m (30 ft) used in 
APA (2012) to 10 m to be consistent with ASCE 7-10 wind speed, e.g., 127=125×(10/9.14)(1/6.075). 









d. 1mph = 0.447 m/s. 
 
Under both the dry and wet conditions, the first failure wind speeds predicted for the 
plain shank nails and screw shank nails on walls are lower than the recommended wall design 
wind speeds. For example, the most vulnerable wall nail that connects the 11 mm OSB wall 
panel to the lumber frame under the wet condition fails at 3 ,10
ˆ Open
s mU  93 mph ( 1min,10
Water
mV  85 mph), 
27% lower than 3 ,10
ˆ Open
s mU  of 127 mph, the wall design wind speed recommended for 6d wall nails 
as listed in Table 5-4 (27%=(93-127)/127)×100%). The predicted failures prior to the 
recommended wall design wind speeds may result from two sources: (1) the unrealistic load 
assigned to the nail by the tributary area method based on the stud spacing and the spacing of the 
interior fasteners in the conventional design procedure; and (2) the underlying assumption that 
neglects the impacts of global frame deformations on the nail responses. These two 
simplifications in the design philosophy may be responsible for the underestimation of the 
structural responses to the realistic wind loads. In comparison, FEM is more realistic in resolving 
these two points. 
Using the nail type with a high withdrawal capacity is an effective mitigation measure to 
raise the first failure wind speed. As listed in Table 5-4, a ring shank nail has a capacity of 400 N 
that is 3.8 times the capacity of a plain nail, 103 N, when fastening the 11 mm OSB wall panel 
under the wet condition. This increases the first failure wind speed by 96% (from 130 mph to 




5.4.4 Nail Head Pull-through 
The nail head pull-through is another dominant failure mode observed in wood panels 
when the sheathing bearing perpendicular to the plane of plies fails (FEMA 2005). The 
resistance of the nail head pull-through is apparently influenced by the panel thickness based on 
the capacity expression =160.48 -181.58y x , where y is the pull-through strength and x is the panel 
thickness (Herzog and Yeh 2006). The service condition (dry or wet) is another factor that has 
impacts on the nail head pull-through capacity. The ratio of the mean capacity for the wet 
exposure condition over that for the dry case is 0.86 for the 13 mm plywood sheathing attached 
to a southern pine lumber by 8d box nails (3mm × 63.5 mm with a head diameter of 7.5 mm) 
according to Herzog and Yeh (2006). In their laboratory testing, nails were driven into the 
specimens prior to 24-hour water soak and the specimens were tested immediately upon the 
removal from water. Conventionally, the nail head pull-through reactions might not be checked 
in most designs involving fastener performance. The nail head pull-through capacities for two 
sheathing types (13mm plywood panel and 11mm OSB panel) under both dry and wet conditions 
are listed in Table 5-5 along with the first failure wind speeds for the roof nails and wall nails. 





Capacity   
(N) 
First failure wind speed (mph) 
Design wind speed a 
(mph) 
roof Wall wall 
1/2 in. (13 mm) plywood 
Dry 313 240 (220)b 153 (140) 
147 
Wet 269 229 (210) 142 (130) 
7/16 in. (11 mm) OSB 
Dry 227 213 (195) 136 (125) 
Wet 195 191 (175) 125 (115) 
a. “Design wind speed” is converted from 3 second gust wind speed at the mean roof height of 9.14 m (30 ft) used in 
APA (2012) to 10 m to be consistent with ASCE 7-10 wind speed, e.g., 147=145×(10/9.14)(1/6.075). 
b. The wind speeds are 3 ,10
ˆ Open
s mU  ( 1min,10
Water
mV ). 
Similar to the nail withdrawal failure mechanism, the first nail head pull-through failure 
occurs at the corner edge of the leeward wall where the maximum nail stretch develops. The nail 
heads start to punch the roof sheathing at 3 ,10
ˆ Open
s mU  191 to 240 mph ( 1min,10
Water
mV  175 to 220 mph), 
about 55% higher than the initial damage wind speeds for wall nails ( 1min,10
Water
mV  115 mph to 140 
mph). An increase of the panel thickness is an effective way to mitigate the pull-through failure. 
The 2 mm increment in the panel thickness raises the nail head pull-though capacity by 38% 
(227 N to 313 N for the dry service condition and 195 N to 269 N for the wet condition in Table 
5-5). Consequently, this increase enhances the sheathing panel to resist at least 13% higher wind 
speed (195mph vs. 220 mph under the dry condition and 175 mph vs. 210 mph under the wet 
condition). 
As also seen in Table 5-5, except for the case with the highest capacity, i.e., the 13 mm 





s mU   125 to 142 mph) is 3% to 15% lower than the design wind speed of 147 mph for the 
rest three cases with a thinner panel thickness (11 mm) or under wet conditions. This implies that 
the capacity of the wall sheathing panel is somehow overestimated by APA (2012), especially 
for the cases with a thinner panel thickness. Compared to the first failure wind speeds predicted 
for the nail withdrawal failure, the nail head pull-through failure occurs at a 27% higher wind 
speed for the plain shank nail connection, 13 mm plywood wall under the dry condition 
( 1min,10
Water
mV  140 mph vs. 110 mph). This means that the nail withdrawal failure occurs prior to the 
nail head pull-through and thus controls the worst case in this particular case. However, a check 
of the nail head pull-through limit state still has a practical meaning in evaluating the building 
envelope performance, since the nail head pull-through may control the worst case due to the 
uncertainties in the material strengths and different geometries. 
5.4.5 Nail Load-slip 
The nail load-slip is caused by the in-plane (i.e., a roof plane or wall plane) forces 
transmitted to the individual nail that may fail either in a ductile mode (i.e., the nail pullout) or a 
brittle mode (i.e., the nail failure in timber members or a nail head punching through a sheathing 
edge). Extensive research was done on the role of the nail load-slip capacity in governing the 
overall performance of shear walls, including their strengths and stiffness. The strengths and 
stiffness of the specimens sheathed with plywood and OSB panels were found comparable until 
the respective ultimate displacement was reached (Shenton et al. 1998, Girhammar et al. 2004). 
The loading-to-grain directions and the edge distances between fasteners and their connected 
sheets or wood members are the two factors that influence the load-slip capacity in a systematic 
manner (Girhammar et al. 2004). The connection response at each relative displacement or slip 
can be obtained by the load-slip relationship described by a multiple-parameter analytical model 
or a regressed empirical load-slip relationship (Girhammar et al. 2004, Wang et al. 2010). 
The nail connection subjected to the load parallel to the grain demonstrates 105% load-
slip capacity of the case under the loads perpendicular to the grain at a 2d edge distance 
(Girhammar et al. 2004). Here, d is the nail shank diameter. This is in line with the general belief 
that the parallel to grain strength of wood is higher than the perpendicular to grain strength. The 
edge distance was observed to increase about 15% the load-slip capacity on average when the 
edge distance increases from 2d to 4d. However, an additional 1d increment from 4d to 5d in the 
edge distance was found to reduce the load-slip capacity by 10%. The influence factors of the 
load directions and edge distances on the load-slip capacities reported by Girhammar et al. (2004) 
are combined with the ultimate nail load-slip capacities obtained by Mi (2004) in the present 
study. The adjusted load-slip capacities are used here as the failure criteria, since the sheathing, 
lumber, and the nail connection tested in Mi’s laboratory tests are closer to those used in the 
proposed FEM as noted in Table 5-2.  
The first nail load-slip failure occurs at a relatively high wind speed, i.e., 3 ,10
ˆ Open
s mU  180 
mph ( 1min,10
Water
mV  165 mph) or above as listed in Table 5-6, for both the roof nails and wall nails. 
Overall, it can be concluded that there is a limited difference between the performances of the 
nailed joint loaded parallel and perpendicular to the grain of lumber in terms of nail load-slip 
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failure (as shown in Table 5-6, the “parallel” “2d” row and the “perpendicular” “2d” row). For 
example, the 5% higher parallel to grain strength postpones the first load-slip failure wind speed 
by 5 mph for both the roof nails (from 1min,10
Water
mV  165 mph in the “perpendicular” “2d” row to 170 
mph in the “parallel” “2d” row) and wall nails (from 1min,10
Water
mV  225 mph to 230 mph) as 
summarized in Table 5-6,. An optimized edge distance is a promising way to mitigate the nail 
load-slip failure. The first failure wind speed is increased by 15 mph and 25 mph for roof nails 
and wall nails, respectively, when the edge distance increases from 2d to 3d (a 3.4 mm 
increment). The same increment in the edge distance only raises the first failure wind speed for 
both roof and wall nails by 5 mph for the increase from 3d to 4d, but reduces the first failure 
wind speed by 5 mph for the increase from 4d to 5d. It is noted here that while panel failures in 
uplift is a critical failure mode observed in post-storm studies, the present study is focused on 
initial failures of nails. Predicting the entire panel uplift failure needs to consider the necessary 
combined nail failures, which will be included in a future study of progressive failures. 




Capacity   
(N) 
First failure wind speed (mph) 
roof wall 
Parallel 
1d 995 180 (165)a 240 (220) 
2d 1073 185 (170) 245 (225) 
Perpendicular 
2d 988 180 (165) 240 (220) 
3d 1297 196 (180) 267 (245) 
4d 1381 202 (185) 273 (250) 
5d 1244 196 (180) 267 (245) 









5.4.6 Sheathing Shear 
There are two types of shear failures considered for the design of plywood sheathing 
panels with the cross-laminated construction, including shear through the thickness and rolling 
shear (APA 1997). The two shear failure mechanisms are discriminated by the force direction. 
For the shear through the thickness case, the shear force is perpendicular to the sheathing panel, 
i.e., acting through the total thickness of the multiple pliers and its resulting shear stress 
corresponds to the transverse shear stress “SYZ” or “SXZ” output by the Shell 93 element in 
ANSYS (2009). The other shear type, rolling shear, is caused by a pair of shear forces parallel to 
the sheathing panel, acting in opposite directions and on different ply layers, i.e., the top ply and 
the bottom ply. Its numerical counterpart is the in-plane shear stress “SXY” predicted by the 
Shell 93 element (ANSYS 2009). The allowable strength for the shear through the thickness case 
is chosen as 1.07 MPa as listed in Table 5-2. Meanwhile, the allowable rolling shear (in-plane 
shear) strength is chosen as 0.43 MPa as specified for the plywood of “Structural-1 Grade Stress 
Level” under “Wet condition” in APA (1997). Thus, the rolling shear strength is 40% of the 
strength for the shear through the thickness case (0.43MPa/1.07MPa = 40%). It is noted that 
since in most cases hurricanes bring heavy rain, the wooden members may be exposed to 
significant rain if the roof shingles had failed. Though one can argue that the wood may not 
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become sufficiently saturated with water over a relative short duration of the storm to match the 
wet condition reported in the laboratory test, it is on the conservative side to choose the material 
properties under wet conditions. 
The first failure wind speeds for the shear through the thickness case are 3 ,10
ˆ Open
s mU  136 
mph ( 1min,10
Water
mV  125 mph). However, the rolling shear failure is initialized at lower wind speeds 
of 3 ,10
ˆ Open
s mU  93 mph ( 1min,10
Water
mV  85 mph). As discussed earlier, the first nail withdrawal failure 
occurs at 3 ,10
ˆ Open
s mU  104 to 120 mph ( 1min,10
Water
mV  95 to 110 mph) for the plain shank nail fastening 
the 13 mm plywood sheathing. Therefore, it may be concluded that the nail withdrawal and the 
rolling shear of sheathing panels are the two early failure modes. This agrees with the findings 
by Thampi et al. (2011) on the numerical predictions for a low-rise residential building under a 
tornado event. In the rolling shear case, i.e., the control case, the first failed shell elements are on 
the windward roof where the plywood panels are nailed to the gable end wall. It is expected that 
more shell elements will exceed the rolling shear strength (0.43 MPa) with the increase in the 
wind speed. The emerging new damaged shell elements scatter at or near the nailing spots, which 
reinforces the fact that the building envelope is essentially governed by the connection details. 
5.4.7 Sheathing Bending and Axial Reactions 
The axial strength and bending strength are specified separately in APA (1997) and both 
strengths under the “Wet condition” are selected in the current section as the thresholds to 
consider the capacity reduction due to the hurricane-induced heavy rain as discussed earlier. The 
building envelope is not observed to fail due to the two-way bending action up to 3 ,10
ˆ Open
s mU  185 
mph ( 1min,10
Water
mV  170 mph, Category 5 hurricane). At 3 ,10
ˆ Open
s mU  185 m/s, the maximum bending 
stress only reaches 20% of the allowable bending capacity. The maximum bending stresses occur 
at the second lowest sheathing panel located between the intermediate supports on the leeward 
roof.  
No sheathing damage due to the axial forces is observed from Category 1 to 5 hurricane 
scale and the tensile stresses accumulate most significantly on the roof edge along the gable ends, 
reaching 43% of the axial strength at 3 ,10
ˆ Open
s mU  196 mph ( 1min,10
Water
mV  180 mph). The outputs of the 
axial stresses are taken from the mid-surface of the shell elements to show the membrane results 
only. The bending stresses are the differences between the axial stresses at the top or the bottom 
surface and the mid-surface axial stresses. 
5.4.8 Initial Wind Speeds associated with Seven Failure Mechanisms 
The failure criteria for all the seven discussed failure mechanisms along with the 
corresponding first failure wind speeds are summarized in Table 5-7. The rolling shear, the nail 
withdrawal, the excessive displacement of sheathing, the nail head pull-through, the sheathing 
shear through the thickness, and the nail load-slip are found to be responsible for the building 
envelope damage. The building envelope has adequate bending and axial strengths since no 
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damage appears in the predictions up to 3 ,10
ˆ Open
s mU  311 mph ( 1min,10
Water
mV  285 mph), which agrees 
with the conclusions drawn by Frühwald et al. (2007) who investigated 127 failure cases of wood 
structures from 8 countries. It was concluded that the wood quality and production methods are 
only responsible for a small part (together about 11%) of all the investigated failures. The 
dominating reasons behind the failure events were found to be related to the insufficient design 
with respect to mechanical loadings (41%). For an instance, the absent or inadequate nailing of 
sheathing was one triggering cause for the complete roof collapse for a recital hall with a span of 
24 m as reported in Case 20 by Frühwald et al. (2007). 
Table 5-7 The first failure wind speeds associated with 7 failure mechanisms for building 
envelope 






Sheathing in-plane shear 
stress 
93 (85)a Windward roof nailed to gable end walls 
Nail withdrawal Nail axial reaction 104 (95) Corner edge of the leeward wall 
Sheathing disp. L/120 115 (105) Leeward roof edge near overhang 
Nail head pull-
through 
Nail axial reaction 125 (115) Corner edge of the leeward wall 




136 (125) Corner edge of the windward side wall 
Nail load-slip Nail shear reaction 165 (180) Leeward roof edge 
Sheathing bending 





Sheathing axial strength 285+ N/A 









5.5 Conclusions and Remarks 
A refined 3D FEM with in-depth construction details is developed and analyzed to 
evaluate the building envelope performance that is the primary reason for the hurricane loss but 
not well addressed so far. The following conclusions are formed based on the discussions of the 
seven failure mechanisms of the building envelope for a typical 5:12 sloped gable low-rise 
building under the given wind tunnel load case at a wind angle of 90 degrees. It is noted that this 
is different from a typical building design that needs to consider all wind attack angles from 0 to 
360 degrees. The present study is focused on developing a numerical procedure to investigate the 
envelope performance under a given load condition. 
(1) The predicted potential damage zones based on the Von-Mises stress are the roof 
edge sheathings, the gable end walls, and the side wall corners, which agrees qualitatively well 
with some of the observed failures caused by Hurricane Andrew and Katrina; 
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(2) The worst localized suction determines the maximum envelope displacement up to 
150 mph ( 1min,10
Water
mV ), while the frame system responses to the overall wind loads shift the 
maximum envelope displacement to where the maximum lumber frame displacement occurs for 
150 mph and above ( 1min,10
Water
mV ); 
(3) The nail stretch, i.e., the relative displacement between the lumber frame and the 
sheathing panel at the nail spot, determines a nail reaction instead of the localized high wind 
suctions or the frame deformation to trigger the nail withdrawal failure. The wall design wind 
speed recommended by the APA (2012) overestimates the initial failure wind speed by 27% on 
average for the plain nail due to the load distribution using the tributary area method and the 
neglect of the frame deformations. The ring shank nail with the additional shear resistance 
provided by the annularly threaded rings can significantly increase the first failure wind speed; 
(4) The nail head pull-through failure occurs after the nail withdrawal failure. The wall 
design wind speed recommended by APA (2012) somehow overestimates the initial wind speed 
for the nail head pull-through failure. An increase of the sheathing panel thickness is an effective 
way to increase the first failure wind speed for this failure mode; 
(5) The localized high suctions can initialize the first nail load-slip failure at a very low 
wind speed. The load-to-grain direction does not significantly impact the first failure wind speed 
while the optimized edge distance has the potential to postpone the first load-slip failure; 
(6) The rolling shear of sheathing panels is another early failure mode besides the nail 
withdrawal, excessive displacement, and nail head pull-through for the building envelope 
performance. The damaged roof sheathing portions scatter at or near the nailing spots, which 
reinforces the fact that the building envelope is essentially governed by the connection details; 
(7) No sheathing damage due to the bending or axial forces is observed for the Category 
1 to 5 hurricane scale, which reinforces the fact that the wood quality itself is not the primary 
reason for the envelope damage.   
This chapter focuses to clarify when and where each possible failure mechanism related 
to the building envelope performance occurs. The discussions demonstrate that the integrity of 
the building envelope is severely impacted by the connections between the building envelope 
and the lumber frame. The interferences among those failure modes under cyclical wind loads 
demand a further study to account for the cumulative damage as how a low-rise building goes 
through a hurricane event in real life, providing a methodology to study the progressive failure of 
the residential houses under hurricane loads. 
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CHAPTER 6. VULNERABILITY ASSESSMENT OF ROOF SHEATHING 
FAILURE UNDER HURRICANE WINDS 
6.1 Introduction 
The importance to improve the design for new residential building constructions and to 
assess the vulnerability of the current residential building inventory to future hazards have been 
testified after each extreme hurricane in the past. Hurricane Katrina caused $40.6 billion insured 
losses in 2005, which exceeds Hurricane Andrew’s $26.5 billion loss in 1992, Hurricane 
Charley’s $15 billion loss in 2004, Hurricane Ivan’s $14.2 billion loss in 2004, Hurricane 
Frances’ $8.9 billion loss in 2004, and Hurricane Hugo’s $7 billion loss in 1989 (FEMA 2006). 
Hurricane Sandy, the latest event, is reported to cause nearly $50 billion in property damage in 
2012 (FEMA 2013). The structural damages, along with the additional content damages caused 
by water penetration and the extra living expense due to the malfunction of the shelter, accounted 
for a significant portion of the claimed loss. The catastrophic collapse of one- and two-story light 
frame residential buildings and the breach of the building envelope by high stagnation wind 
pressures or windborne debris are the common failure modes observed for building damages 
(FEMA 1992; FEMA 2005; FEMA 2006; Van de Lindt et al. 2007). Nowadays, more than 50% 
of the U.S. population lives within 80 km (50 mi) of the coastline according to National 
Academy of Sciences 1999 (Ahmed et al. 2011). The continuous immigrating population along 
the coastline stimulates new building constructions and will expose more residential buildings to 
potential severe hurricanes, which may lead to unacceptable economic losses according to the 
trend of doubling losses every 10 years extrapolated by Pielke et al. (2008).  
Extensive research has been conducted to improve the resilience of low-rise residential 
buildings in the past decades. However, the accurate simulation of hurricane wind loads and the 
comprehensive modeling of typical low-rise residential buildings remain challenging. The wind 
loads, by nature, are complex in the lowest part of the atmospheric boundary layer where 
turbulences develop significantly, and become even more complicated when combined with 
other factors, e.g., upstream roughness, wind incidence angles, and building geometries. The 
wind tunnel tests serve as the most reliable sources till now to obtain the pressure coefficients Cp 
across the surfaces of typical low-rise residential buildings. The envelope of the measured Cp 
under a full 360˚ forms the basis for the wind loads specified in current design codes. In both the 
two current public hurricane loss prediction models, namely, the Hazus®MH MR4 model 
(FEMA 2009) and the Florida Public Hurricane Loss Model (FPHLM) (Cope 2004), the wind 
loads specified in ASCE7 are reconstructed or modified to estimate the wind loads for damage 
predictions. Besides the wind loads estimation, the building structure is also modeled by 
following the conventional design procedures in the current two public hurricane loss prediction 
models. Specifically, the 3D non-fully engineered low-rise buildings are simplified into the 
combination of several 2D super elements (e.g., a whole piece of wall or one truss piece) and the 
load sharing among those 2D substructures are empirically predefined as constants.  
Both building designs and damage predictions need to estimate wind loads and to 
quantify the load distributions among structural components. However, the discrepancies in their 
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respective philosophy may lead the modified design approach unsuitable for damage predictions. 
First, the worst loading scenario is conservatively but understandably used for designers while 
more specific loading scenario is needed to avoid the overestimation of structural damages for 
given structures. In the FPHLM, the ASCE7 provisions are modified by removing the imbedded 
safety factors (Cope 2004), but the modified design-code based wind loads are closer to a scaled 
down version of the worst loading scenario instead of providing more critical details for damage 
predictions. Secondly, the predefined load sharing among those simplified substructures are 
reasonable with the assumption that the whole building behaves as a unit but may not valid any 
more when any portion of the building quits to function when building damages initialize. 
Thirdly, the ultimate limit states for design procedures correspond to the first member failure that 
is the beginning of a realistic progressive failure process where multiple limit states are involved 
and may interplay between one and another. The first member failure concept is criticized for its 
conservatism for a long time since a building can still sustain external loads after the partial 
damages in the early stage with the benefits from substantial redundancies. Therefore, a damage 
tally should not stop at the first member failure but to trace down until the end of wind structure 
interactions to avoid the underestimation of actual damages.  
This study addresses the damage prediction issue from another viewpoint by using a 
database assisted stochastic finite element modeling approach. The proposed approach can 
incorporate the surface wind pressure information from wind tunnel tests as statistics or time 
histories, account load distributions rigorously according to the stiffness of all primary and 
secondary structural components, and consider the uncertainties in wind loads as well as material 
properties. The vulnerability of a selected roof sheathing is assessed in this chapter to illustrate 
the procedures regarding how to utilize the up-to-date engineering techniques and testing 
facilities for damage predictions. The engineering based vulnerability curves are then developed 
for the targeted structure performance criteria according to the damage tallies output by a 
comprehensive 3D finite element model subjected to the wind tunnel simulated pressures. The 
resulted relationship between the mean damage ratios and wind speeds could be combined with 
local meteorological data to predict the damage ratio for each concerned performance. This 
proposed methodology is applicable to building envelope components, connections and frame 
systems. Therefore, fully engineering based vulnerability curves can be developed in both the 
component scale and system scale, which advances the current empirical engineering based 
damage approach used by the two public hurricane loss models towards a more realistic 
prediction. 
6.2 Description of Structure Features 
Vulnerability assessments are performed in this chapter for the South/Key Concrete 
Block Gable house that is a representative building defined in the Florida Public Hurricane Loss 
Model (FPHLM) (Cope 2004). The prototype structure used in the present study is a one-story 
5:12 pitched gable roof house with the dimensions of 18.3×13.4×3.0 m for length, width, and 
overhang height, respectively. More information pertaining to the geometry details and opening 
layout is provided by Pan et al. (2013). In the present study, the building is modeled as a timber 
structure since light-framed wood structures account for about 90% of the existing residential 
house stock and approximately 95% of new homes in the US (Martin et al. 2011). A light-framed 
wood residential building typically consists of lumber frames (e.g., the truss assembly and wall 
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frames), sheathing panels (e.g., roof sheathings and wall sheathings), joint connections (e.g., 
sheathing-to-lumber connections or lumber-to-lumber connections) and foundation hold-downs 
as load bearing components.  
6.2.1 3D Finite Element Model and Material Properties 
The general-purpose structural analysis software, ANSYS (2009), is used to develop an 
analytical model of the selected prototype house. For lumber frames, both truss members and 
wall studs are represented by two-node linear isotropic beam elements with six degrees of 
freedom at each node. Both wall sheathings and roof sheathings are modeled using 8-node 
linear-elastic orthotropic shell elements with six degrees of freedom at each node. While 
neglecting wall partitions may lead to over-predict the shear wall forces by more than 100%, the 
effects on the structural responses in the higher portion of the building remain limited since the 
shear responses in the roof-to-wall connections are far below their peak resistances as reported 
by Asiz et al. (2008). Therefore, the internal wall partitions are not included here to simplify the 
modeling. This is also to be consistent with the model used in the wind tunnel test (Pan et al. 
2013) that provides external and internal wind pressures for the present and future FEM analysis. 
The actual discontinuities between sheathing panels are modeled to avoid an overestimation of 
the diaphragm stiffness. The roof panels are placed in an offset pattern, that is, the edges of the 
roof sheathings in the direction parallel to the roof truss are staggered to be more realistic. 
Furthermore, this panel-by-panel modeling manner allows more realistically modeling two 
separate rows of nails on the common border of two neighboring panels. The roof sheathing 
panel layouts are shown in Figure 6-1. 
 
(a)  
Figure 6-1 Building dimensions and panel layout (a) modeled roof sheathings in ANSYS, and  







Figure 6-1 (Continued) Building dimensions and panel layout (a) modeled roof sheathings in 
ANSYS, and  (b) placements of roof sheathings on South/Key Concrete Block Gable house 
For nail connections, there are about 34 typical types in terms of the wood products 
jointed together and about 12 nail sizes involved in typical building constructions according to 
International Building Code (IBC 2011). Thampi et al. (2011) summarized four nail types to 
make the connection modeling practical as well as representative and their work are followed in 
the present study. The sheathing-to-frame nail spacing is chosen as 152 mm (6 in.) along the 
panel edges and 305 mm (12 in.) at the intermediate supports according to Section 2304.9.1 Note 
b in International Building Code (IBC 2011). In the present study, each nail connection is 
modeled with three independent COMBIN39 elements to represent the load-displacement 
relationships in the X, Y, and Z direction, respectively. The COMBIN39 element is a zero-mass 
nonlinear spring connecting a pair of coincident nodes, and the load-displacement relationships 
between the coincident nodes are obtained by the laboratory tests documented by Dao and van de 
Lindt (2008) and Thampi et al. (2011). For foundation hold-down devices, the sole plates are 
rigidly connected to the foundation in this study. Thus, a continuous load path is formed to 
transfer the wind loads from the building envelope to the foundation. 
In the present study, the interior truss configuration is chosen as the “5/12 fink” 
configuration listed as one of the six typical truss types by Cramer et al. (2000) while the gable 
end trusses are modeled with the vertical webs spaced at 0.6 m (24 in.) as used by Martin (2010). 
Both truss members and wall members are the lumbers with a cross section of 38×89 mm (2×4 
in.). The wall studs are spaced at 0.4 m (16 in.) while the roof trusses are spaced at 0.6 m (24 
in.), 1.5 times of the stud space. The wall studs at corners consist of 2-2×4 and 1-2×4 studs (with 
the narrow face toward outside) offset 0.1 m (4 in.) from the wall corner. The sole/head plate 
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consists of 2-2×4 studs that are connected at a 1.2 m (4 ft.) interval. The framing around doors is 
strengthened by a nominal 2-2×12 in. header beam and double studs at both sides. The headers 
above windows consist of 2-2×10 in. studs. The ridge board connecting the gable trusses is made 
of 38 mm×184 mm (known as 2×8 in.) studs. 
In total, 12,811 beam elements, 39,505 shell elements, and 25,428 nonlinear spring 
elements are used to develop a detailed numerical model with a total DOFs of 849,117. The 










All frame and sheathing members are expected to behave in the elastic range. The 
sources of material properties of both isotropic frame members and orthotropic sheathing panels 
are mainly from Martin et al. (2010) except that the Young’s moduli of the truss members are 
taken from Cramer et al. (2000) to match the truss configuration determined by the building floor 
plan. All the material properties used in the present study are summarized in Table 6-1. For roof 
plywood sheathings, an equivalent thickness instead of the nominal thickness is used for shell 
elements in the bending stress analysis to account for the orthotropic nature of wood, the species 
groups used for outer and inner plies, and the manufacturing variables involved (APA 1997). 
Table 6-1 Material properties 










Truss top/  
bottom chord 
38×89 mm (2×4 in.) southern pine 11.03 - 0.36 
Truss web 38×89 mm (2×4 in.) spruce-pine-fir 9.72 - 0.36 
Wall Stud 38×89 mm (2×4 in.) spruce-pine-fir 8.3 - 0.4 
Orthotropic 
material 
Roof sheathing 1/2 in. (13 mm) plywood 13.1/2.0 /2.0a 1.0/1.0/1.0 0.08/0.08/0.08 
Wall sheathing 7/16 in. (11 mm) OSB 5.1/1.6/1.6 0.8/0.8/0.8 0.08/0.08/0.08 
Note: The three numbers are for the X, Y, and Z directions.  
6.2.2 Nail Stiffness and Reactions 
The nails that fasten the building envelope to lumber frames are modeled intensively at 
each nail spot, because the loss of exterior cladding components could accumulate serious 
economic losses long before the catastrophic collapses of lumber frames. Each nail connection is 
modeled by three spring elements in the global X, Y, and Z direction (referencing to Figure 6-3 
(a)) separately instead of in the direction along or perpendicular to the nail orientation (Pan et al. 
2013). In other words, each nail connection is modeled by the element linking the same pair of 
two coincident nodes and is operated in the nodal coordinate system or the global coordinate 
system since those zero-length elements are one-dimensional. It means that the nail stiffness 
reported by the past laboratory tests should be transformed to the global coordinate axes to 
obtain the node displacements in the global coordinate system (CS). Then the resulted nail 
reactions in the global CS are transformed back to the local CS that is aligned to the nail-
connected building surface to calculate nail withdrawal or shear reactions. Apparently, those 
transformation relationships are dependent on the orientation of the two nail-connected members. 
For example, the nail withdrawal forces are always perpendicular to the roof sheathing for the 
nails fastening the roof panels to the lumber frame, and thus the nail withdrawal reactions orient 




The projection of nail withdrawal '
zK  and in-plane shear stiffness 
'
' 'x y planeK  are calculated 
using Eq. (6-1) with the reference to Figure 6-3 (b). If we assume ' 'K K K
y x x
  , the stiffness 
on the global CS 
xK , yK , and zK  can be expressed by Eq. (6-12)). When the nail withdrawal 
stiffness is taken as 4184 / 0.003 6.13 10 /zK N m    according to Herzog and Yeh (2006) and 
the load-slip stiffness  ' 5
' ' 1200 / 0.012 1 10 /x y planeK N m N m   according to Nishiyama and 
Ando (2003), the xK , yK , and zK are calculated as, 
47.1 10 , 48.9 10 , and 42.9 10 /N m , 
respectively. The roof sheathing nails are assumed of linear force-displacement relationship up to 
its maximum capacity and then the maximum capacity remains as a constant with the increase in 
displacement until a displacement limit of 0.01 m. The nails are assumed to unload along the 
same loading curve. 
'
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 Eq. (6-2) 
Similarly, the transformation of the nail withdrawal and shear reactions on the front and 
back roof is illustrated in Figure 6-3 (c), in which a rotation transformation is required due to the 
5:12 roof slope. The three components in the local coordinate system (CS)
'x , 'y  and 'z are derived 
in Table 6-2 using trigonometry in terms of  , the roof slope angle, and then the nail withdrawal 
reaction and shear reaction can be calculated by 
'
zWD F  and    
2 2
' '
x ySh F F  , respectively. 
The projection equations for all four exterior walls are also listed in Table 6-2 with referencing to 
the coordinate system shown in Figure 6-3 (a). The positive withdrawal reaction denotes tension, 
while a shear reaction is always assigned as positive regardless of its direction. 




 (a)  
 
(b)  (c)  
Figure 6-3  Linear transformation of XYZ spring reactions to nail withdrawal and shear reactions 
across the building envelope (a) local CS on each surface and global CS, (b) transformation of 
spring stiffness  to global CS, and (c) transformation of YZ spring reactions to nail withdrawal 
and shear direction on roofs 
Table 6-2 Transformation equations for nail withdrawal and shear reactions on building surfaces 
Location 'x  component 
'y component 'z  component 
Front roof 
'
x xF F  
' cos siny y zF F F    
' cos sinz z yF F F    
Back roof 
'
x xF F  
' cos siny y zF F F    
' cos sinz z yF F F    
Front wall 
'
x xF F  
'
y zF F  
' -z yF F  
Back wall 
'
x xF F   
'
y zF F  
'
z yF F  
X=0 side wall 
'
x yF F   
'
y zF F  
'
x-zF F  
X=L side wall 
'
x yF F  
'
y zF F  
'
xzF F  
Note: tan 5 /12,sin 5 /13,cos 12 /13     , and   is marked in Figure 6-3. 
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6.2.3 Roof Sheathing Selection 
The vulnerability curve of individual components should be developed before that for the 
whole roof system or the entire system. In this study, a piece of roof sheathing located in the 
leeward roof corner as shown in Figure 6-4 is selected to illustrate the procedures of developing 
vulnerability curves. The selection is based on the responses of the modeled structure with mean 
material properties and capacities subjected to measured mean pressure coefficients and the 
simplicity of the numerical calculations. According to wind tunnel tests, the selected roof 
sheathing piece has mean wind suction pressures coefficients of 0.3 ~ 0.4pC     that is scaled 
by the oncoming gust wind speed squared. This suction pressure may lead to the uplift failures of 
this sheathing. The Von Mises stresses generated in the selected corner sheathing is significant 
compared to most of the rest structure portions as shown in Figure 6-5, but less than its 
neighboring panels that are closer to the middle length. However, this piece is selected for its less 
nail connections with the beneath frame system than those full size 1.22×2.44 m (4×8 ft) roof 





Figure 6-4 Selected half-size 1.22×1.22 m (4×4 ft) roof sheathing panel (a) location of 
the selected roof sheathing, (b) meshed shell elements for the selected roof sheathing, and (c) 42 




    
Figure 6-5 Von Mises stresses at 3 ,10
ˆ Open
s mU  196 mph ( 1min,10
Water
mV  180 mph) ( 3 ,10
ˆ Open
s mU  and 1min,10
ˆ Water
mU are 
defined in Section 6.3 ) 
6.3 Wind Loads Input 
Systematic wind tunnel tests have been carried out on the representative building to 
obtain the aerodynamic database as discussed in Chapters 3 and 4. The discretized surface wind 
pressures are applied on the numerical model of the same prototype as detailed in Chapter 5 to 
predict structural responses. The judgments based on the resulted responses and the limit states 
of concern identify the damaged structure portion and provide information for the damage tally 
that forms vulnerability and fragility curve. 
The pC contours under the wind flow perpendicular to the ridgeline are obtained from 
wind tunnel tests in the Boundary Layer Wind Tunnel at LSU as shown in Figure 6-6. The 
measured surface pressures are then divided by the mean dynamic pressure hp  at the mean roof 
height h  of 4.4 m (full scale) to obtain the time history of pressure coefficient ,p hC (t) since this 
normalization is considered to produce the least variability (Ho et al. 2005). The mean pressure 
coefficients ,p hC  are here used instead of , ( )p hC t  time series to target the most vulnerable 
components for the building envelope performance at less computational cost in the following 
development of vulnerability curves. This simplification is based on the quasi-steady 
assumption, i.e., the fluctuating pressure on a structure is assumed to follow the variations in the 
longitudinal wind velocity upstream (Holmes 2001). As a result, the peak pressure on the 
building surface can be predicted as  
2ˆˆ (1 2) a pp U C 
 
Eq. (6-3) 
where, a  is air density, pC  is mean pressure coefficient, and Uˆ  is peak gust wind velocity. The 
full correlation of pressure peaks is implied in Eq. (6-3). However, for its application over large 
areas, Eq. (6-3) is conservative, since the realistic pressures on the entire building envelope will 
not reach their peaks simultaneously. Therefore, the reduction is needed. The gust effect factor 




action and to account for the resonant amplification of structural responses due to turbulence as 
(Solari and Kareem 1998) 
2
3





sU  is the maximum 3 second gust wind speed. In ASCE 7-10, 0.85G   is assigned for 
rigid buildings whose fundamental frequency is no less than 1 Hz (ASCE 2010). Eq. (6-4) is the 
basis for the wind load calculations to predict the building envelope damage in the present “WT” 
load case.  
 
Figure 6-6  pC contours obtained in wind tunnel (WT) 
The mean external wind pressure coefficients ,p hC  based on 4-second measurements 
range from 97% to 105% of that based on 10-second measurements for taps near the ridgeline, 
leeward roof edge, and windward wall edges. This implies that mean value of the pressure 
coefficient can stabilize from records of relatively short duration, which agrees with Tieleman et 
al. (2006). The contours of the mean external wind pressure coefficient ,p hC  over 10 second 
measurements are shown on Figure 6-6 and those mean contours are further discretized for the 
wind loading input on the refined FE model. The applied wind pressures on the developed FE 
model as calculated by Eq. (6-5) corresponds to 3 ,
ˆ Open
s hU , the 3 second gust wind speed at the mean 
roof height h  over the open terrain.  
2
3 , ,





s hU  is then adjusted from 4.4 m to 10 m according to the mean velocity profile to be 
equivalent to the 3 second gust wind speed at 10 m over the open terrain 3 ,10
ˆ Open
s mU  that is used in 
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ASCE 7-10. To interpret the fragility curves developed later in terms of the Saffir-Simpson scale, 
3 ,10
ˆ Open
s mU  is then divided by a conversion factor of 1.09 to obtain 1min,10
Water
mV , 1 minute gust wind speed 
at 10 m above the open water 1min,10
Water
mV  according to Simiu et al. (2007). All the conversions 
among the wind speeds discussed above are tabulated in Table 6-3 for clarity. The wind speed 
discussed hereafter is the 3-second gust wind speed while its equivalence in the Saffir-Simpson 
scale is denoted in the following parentheses, i.e., 3 ,10
ˆ Open
s mU ( 1min,10
Water
mV ). The unit mph is kept here for 
the convenience of discussion in the Saffir-Simpson scale and it can be converted to m/s by 
multiplying 0.447. 
 
Table 6-3 Conversions among the involved wind speeds 3 ,
ˆ Open
s hU , 3 ,10
ˆ Open













mV   
(Saffir-Simpson scale) 
m/s 1 1.14 1.05(=1.14/1.09) 
Conversion 
factor and related 
parameters 
--- 
Mean velocity profile 








   
3 ,10 1min,10/ 1.09
Open Water
s m mV V  , when 
Exposure C surface roughness is 
0.03 m, open-water surface 
roughness is 0.005 m  
(Simiu et al. 2007) 
6.4 Stochastic FE Modeling 
6.4.1 Stochastic Finite Element Method (SFEM) 
Stochastic finite element method is an extension of the classical deterministic FE 
approach to the stochastic framework, i.e., to the solution of stochastic (static and dynamic) 
problems involving finite elements whose properties are random (Stefanou 2009). The ANSYS 
Probabilistic Design System (PDS) is used to analyze the selected roof corner sheathing 
involving uncertain input parameters here. In this study, the uncertain input parameters are 
assumed to be limited to the oncoming wind speed U , nail stiffness nailK , and the displacements 
of the nailing points on the connected frame system frame . These input parameters are defined in 
a deterministic model by using ANSYS Parametric Design Language (APDL). The developed 
APDL file describes the deterministic model and is assigned as an analysis file for the later 
probabilistic analysis. After the deterministic model is solved, the variation of the input 
parameters, i.e., U , nailK , and frame , are defined as random input variables and are 
characterized by their distribution type (Gaussian, lognormal, etc) and by their distribution 
parameters (mean values, standard deviation, etc). Any interdependencies between random input 
variables can also be defined as correlation coefficients. In this study, all random input variables 
are assumed to be independent. The important results are defined as random output parameters. 
In this study, the important results are the damage ratios due to seven possible sheathing failure 
mechanisms discussed in Chapter 5.  
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During a probabilistic analysis, the ANSYS executes multiple analysis loops to compute 
the random output parameters as a function of the random input variables. The values for the 
input variables (i.e., U , nailK , and frame ) are generated randomly by using Monte Carlo 
simulation according to the distribution type and distribution parameters as listed in Table 6-4. 
The confidence bounds around the resulted cumulative distribution functions are reported as a 
confidence level of 95%. 
Table 6-4 Random input variables 






Oncoming wind speed U  Lognormal 
50 to 245 mph at 5 mph 
interval  
0.2 
42×3 nail stiffness 
nailK  
(defined as “NailReal” in APDL) 
Gaussian 
47.1 10 /xK N m  , 
48.9 10 /yK N m  , and 
42.9 10 /zK N m   as solved 
by Eq. (6-2) 
0.3
 
42×3 displacements at nailing spot 
on frame system frame  
(defined as “StlMt” in APDL) 
Gaussian 
taken from the global model at 
the 42 nodes on the frame 
member in the global X, Y, 
and Z dirctions 
0.1 
Monte Carlo (MC) simulations will yield a probability of failure fP  (is called as damage 
ratio in this study), while an exact probability of failure ,f trueP  exists when the problem is 
mathematically solved by using exact techniques and complete information. If fP  resulted from 
MC is considered as a random variable, then the mean value of  fP  is ,[ ]
f
f f trueP
E P P   and 












Eq. (6-6) shows that a larger number of simulations will lead ,
N
f f tureP P





  . To determine the number of simulations, an acceptance criterion that is typically 
in terms of ( )fCOV P  should be defined. In this study, the probability of roof sheathing failure is 
assumed as 0.01 and the ( )fCOV P  is set as 0.1. As a result, the simulation number N is 



















   
 
Eq. (6-7) 
6.4.2 Limit States 
Wind-induced roof sheathing failures are caused by external pressures and in some 
situations along with internal pressures acting on the roof sheathing panel. The reasons behind 
observed roof sheathing failures may include the failures of nail connections, i.e., nail 
withdrawal failure, nail head pull-through failure or excessive nail load slip, and the failures of 
roof sheathing panel itself in the forms of high resulted shear stresses or large displacements. 
Conventionally, the roof sheathing uplift failure is judged by the failure pressures provided by 
manufacturers and the total uplift force on the panel. In addition, the self-weight of roof 
sheathing panels and the other attached permanent loads, e.g., roof covers, all together referred to 
as the dead load, counteracts the wind uplift forces. Thus, the limit state function for one piece of 
roof sheathing uplift can be written in terms of the basic variables as 
1min,10 1min,10
ˆ ˆ( ) ( ( ) )Water Waterm mg U R W U D  
 
Eq. (6-8) 
where R = the resistance capacity of the roof sheathing panel for a specific failure mechanism, 
1min,10
ˆ( )Water mW U = the effects of wind loads acting on the sheathing panel as functions of oncoming 
wind speed 1min,10
ˆ Water
mU , and D = the effects of dead loads. The sheathing panel failure can be 
defined as the condition where 1min,10
ˆ( ) 0Water mg U  . The resulted failure probability is thus the 
function of oncoming wind speed 1min,10
ˆ Water
mU  that is explained in Table 6-3.  
In this study, the limit state function 1min,10
ˆ( )Water mg U  is evaluated by seven failure 
mechanisms associated with roof sheathing uplift failures as listed in Table 6-5. The damaged 
roof panels is tallied by dividing the area of failed roof sheathing elements to the total roof panel 
area, if the resistances of a sheathing panel are concerned. Otherwise, if the nail connections fail 
when the connection capacities are not adequate, the ratio of overloaded nails over the total 
number of nail connections is used for the damage tally. The resistances of seven failure 









Table 6-5 Resistances of seven failure mechanisms associated to roof sheathing failure 
Structural 
component 
Response Type of force/stress 
Ultimate Capacity / 
Failure thresholds  
COV % Abbreviation Sources 
Sheathing-to-
frame nail 
Withdrawal Axial reactions in nails 38 N/cm a,b 28.5 F6 




Axial reactions in nails 313 N c/227 N d 11.7/15.1 F7 
(Herzog and Yeh 
2006) 




plane of plies 
6.76/6.69 MPa - F5 (APA 1997) 
Shear g 
Shear through the thickness/ 
Rolling shear 
1.07/0.43 MPa - F4/F1 (APA 1997) 
Bending g 
Extreme fiber stress in 
bending 
9.86 MPa - F3 (APA 1997) 
Disp. 
Displacement at the middle 
span of sheathing panels 
1/120L h - F2 (IBC 2012)a 
Note: 
a. 15 mm plywood panels connected to the frame lumber by plain nails (2.5 mm × 57 mm, Senco Product BJ23E) 
under a dry-dry exposure condition. 
b. Nail withdrawal strength within the test range is not sensitive to the panel thickness. 
c. 13 mm plywood panels connected to the Southern pine frame lumber under a dry exposure condition by 8d box 
nails (3mm × 63.5 mm with a head diameter of 7.5 mm). 
d. The same as note c except the wet exposure condition (24 hour water soak prior to the test). 
e. 11 mm OSB panels connected to 38mm × 89 mm No.2 spruce-pine-fir (SPF) by 63.5 mm 8d common nail 
connections. Nails were loaded perpendicularly to the grain. The nails were 2d away from the sheathing edge. 
f. The same as note e except nails loaded in parallel to the grain. 
g. The allowable stresses for plywood of “Structural-1 Grade Stress Level” under “Wet condition” by APA (1997). 
h. Table 1604.3 of the 2012 IBC for walls with flexible finishes. 
6.4.3 Vulnerability Curve 
The damage ratio for a specific limit state function can be obtained by the SFEM 
discussed in Section 6.4.1. At a given wind speed, the damage ratio may have a probability 
distribution function as Figure 6-7 (a) shows. Once the distribution of a certain damage ratio is 
known over a range of wind speeds, the vulnerability for that damage ratio can be determined. 
The vulnerability curve is a means of measuring the performance of the structure, and is 
generated from the location of the mean percent damage value from the damage distribution at 
each win speed as Figure 6-7 (b) illustrates. Fragility curves are another means of describing the 
performance or reliability of a structure or a component. A fragility curve provides the 
probability that a certain level of damage will be met or exceeded at a given wind speed. In other 
words, at a given wind speed, the fragility curve for a particular failure mechanism provides the 
likelihood of damage ratio exceeding a certain threshold. Figure 6-7 (c) gives an example of how 
to calculate the fragility curve corresponding to 60% by setting a threshold and integrating under 
each damage distribution from the 60% threshold point to the positive extreme. The vulnerability 
curve shows the most likely mean damage ratio for a particular failure mechanism as a function 
of the mean wind speed, while the fragility curve shows the probability of exceeding a specific 
level of damage (could be higher or lower than 50%) as a function of wind speed. In this study, 
vulnerability curves are selected to provide the expected mean damage ratio as a function of 
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wind speeds. They can be further converted to the loss ratio, i.e., the repair cost of the damage 
portion over the property value, and be used to decide the premium within a reasonable marginal 








Figure 6-7 (a) and (b) example probability distribution function of a certain damage ratio at a 





Figure 6-7 (Continued) (a) and (b) example probability distribution function of a certain damage 
ratio at a given wind speed and the resulted (c) vulnerability curve and (d) fragility curve 
6.5 Vulnerability Analysis Results 
6.5.1 Vulnerabiltiy Curves for Roof Sheathing Failures 
Four sheathing failure mechanisms labeled as “F1” to “F4” as listed in Table 6-5 are 
investigated by the proposed vulnerability assessment as discussed in Section 6.4. The 
cumulative distribution function for F1, i.e., the rolling shear failure mechanism, at 
1min,10
ˆ 195Water mU mph  is output in Figure 6-8 where the X axis is the damage ratio F1 and the Y axis 
in the probability of the occurrence for a specific damage ratio. No internal pressure is 
considered here. The blue line stands for the probability for the occurrence of a percentage of the 
damaged sheathing due to the rolling shear stress, while the two red lines are the confidence 
bounds around the distribution function with a confidence level of 95%. The damage ratios 
corresponding to 50% probability are selected to form the vulnerability curves for the four 
sheathing failure mechanisms at wind speed 1min,10
ˆ 50 245Water mU mph   as shown in Figure 6-9.  
 
Figure 6-8  Cumulative distribution function of the damage ratio F1 due to in-plane rolling shear 
at 1min,10




Figure 6-9  Vulnerability curves for the damage ratio F1 due to in-plane rolling shear 
 By observing Figure 6-9, the rolling shear stress is one early failure mechanism (F1) that 
initiates sheathing damage at 115 mph, i.e., a Category 3 Saffir-Simpson Hurricane, while the 
excessive displacement perpendicular to the roof plane (F2) begins to trigger sheathing failures 
at 180 mph. F2 becomes more dominant than F1 at 1min,10
ˆ 195Water mU mph , i.e., a Category 5 
hurricane.  Figure 6-9 shows that the curves for F3 (bending) and F4 (shear through the thickness) 
stay at 0 from 50 to 245 mph. The axial, bending and the shear through the thickness capacity 
seem to be sufficient for the selected corner roof sheathing for all investigated hurricane wind 
range. 
6.5.2 Vulnerabiltiy Curves for Nail Failures 
Nail failures are not observed significant for the selected roof corner sheathing subjected 
to external pressures only.  The cumulative distribution function for F6, i.e., the nail withdrawal 
failure mechanism, at 1min,10
ˆ 195Water mU mph  is output and shown in Figure 6-10 where the X axis is 
the damage ratio F6 and the Y axis in the probability of the occurrence for a specific damage 
ratio. Similarly, the damage ratios corresponding to 50% probability are selected to form the 
vulnerability curves for nail withdrawal failure mechanism at wind speed 
1min,10
ˆ 50 245Water mU mph   as shown in Figure 6-11. The expected nail withdrawal failures do not 
occur (with the maximum damage ratio less than 0.1), because the wind tunnel measured 
pressure coefficient is much less than the pressure coefficient specified for components & 
cladding (C&C) in ASCE7 (2010) when the oncoming wind speed is perpendicular to the 
ridgeline. The nail withdrawal failures are not direct reasons for the selected roof sheathing. 
However, the roof sheathing is observed to be sensitive to the nail stiffness and the uneven 
displacements of the nailing spots on the frame system as discussed in the later Section 6.5.5. 
The increase of suction pressures may trigger significant nail withdrawal failures, for example, 
when considering the internal pressures as studied in the later Section 6.5.4. This implies that the 
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nail connection features influence the sheathing failure by two aspects: (1) the direct connection 
failure and (2) the indirect effects on the sheathing as the boundary conditions.  
 
Figure 6-10 Cumulative distribution function of the damage ratio F6 due to nail withdrawl failure 
at 1min,10
ˆ 195Water mU mph  (external pressure only) 
 





6.5.3 Vulnerabiltiy Curves for Multiple Failure Mechanisms 
Multiple failure mechanisms occur simultaneously at a given wind speed as studied in 
Section 6.5.1 and 6.5.2. If any of the four sheathing failure mechanisms exceeds 50% of the area 
of the selected roof sheathing, the selected roof sheathing is considered as failed. However, if 
more than one failure modes occur but none of them exceeds 0.5, a combined failure index is 
proposed by take the union of each of four sheathing failure mechanisms and then divided by the 
total sheathing area. In other words, the elements where more than one failure mechanism occur 
are counted only once. Figure 6-12 shows the damaged portions due to different failure 
mechanisms and they do overlap. 
  
  
Figure 6-12  Damaged sheathing portions due to four individual sheathing failure mechanism 
with internal pressure at 1min,10
ˆ 245Water mU mph  (a) F1— rolling shear, (b) F2 – displacement normal 
to roof plane, (c) F3 – bending, and (d) F4 – shear XZ 
 
The combined failure index for the four sheathing failure mechanisms is shown in Figure 
6-13. It implies that the half of the selected sheathing is expected to fail at  1min,10
ˆ 205Water mU mph  if 
the four sheathing failure mechanisms are considered at the same time. Compared with 
1min,10
ˆ 225Water mU mph  where half of the selected sheathing fails due to the excessive displacement 
perpendicular to the roof plane as shown in Figure 6-9, the inclusion of multiple failure 








Figure 6-13 Vulnerability curves for the damage ratio for combined sheathing failure mechanism  
The nail connection failures may lead to excessive sheathing displacements that allow 
rain water intrusion and significant bending or shear stresses. Therefore, the contribution of the 
failed nails to the sheathing failures should be included. The high nail withdrawal reactions occur 
along the corner experiencing high suction pressures as shown in Figure 6-14 (a). It is assumed 
here that the labeled 14 nails in Figure 6-14 (b) are most likely to fail before the rest nails and 
thus about 1/8 of the selected roof sheathing panel lost constraints. If the 14 nails failed, i.e., 33% 
(=14/42) of total nails, the sheathing is considered as 100% damaged. The 3 nail failure 
mechanisms can be combined as a single damage index “Nail” as index “Sheathing” discussed in 
Figure 6-13. The index “Nail” and index “Sheathing” are assigned equal weight to decide the 
damage ratio of the selected roof sheathing as expressed in Eq. (6-9). The vulnerability curve for 
the index “Combination” is shown in Figure 6-15 from where the wind speed corresponding to 
50% percent damage is 1min,10
ˆ 200Water mU mph . The inclusion of the nail failure reduce the 1min,10
ˆ Water
mU  
by 5mph  than the case combining the four sheathing failure modes and by 25mph than the case 
for only considering excessive sheathing displacement (F2). 










Figure 6-14 Surface suction pressures on the selected roof sheathing and locations of nails with 
high withdrawal reactions (a) surface pressures on the selected roof sheathing, and (b) nail 





Figure 6-15  Vulnerability curves for the damage ratio for index “Combination” 
6.5.4 Effects of Internal Pressure on Fragility Curves 
The internal pressure was observed to overshoot at the presence of the windward opening 
(Fahrtash and Liu 1990; Ginger et al. 1997; Ginger and Letchford 1999; Ginger 2000) and the 
internal pressure coefficient specified in ASCE7 was reported lower than the those observed in 
the wind tunnel tests (Karava and Stathopoulos 2012; Kopp et al. 2008; Oh et al. 2007). The 
internal pressure was measured as 0.94 as documented by Pan et al. (2013) and this uniform 
pressure acting on the inside of the building envelope is applied on the proposed model. The 
resulted vulnerability curves for the four sheathing failure mechanisms and for the index 
“combination” are shown in Figure 6-16 and Figure 6-17, respectively. Compared with Figure 
6-9 where only external pressures are considered, the wind speed 1min,10
ˆ Water
mU corresponding to 50% 
percent of sheathing damage is 100 mph (from 225 to 125 mph) less. Similarly, compared with 
Figure 6-15, the wind speed 1min,10
ˆ Water
mU  in Figure 6-17 corresponding to 50% percent of sheathing 




Figure 6-16  Vulnerability curves for the damage ratio for the four sheathing failure 
modes 
 
Figure 6-17  Vulnerability curves for the damage ratio for index “Combination” 
6.5.5 Sensitivity Analysis 
The sensitivities of the random output variables to all random input variables are 
evaluated by Spearman rank-order correlation coefficients at a significance level of 2.5%. For all 
sensitivity values, the probabilistic design tool evaluates the probability that the sensitivity can 
be neglected based on statistical test theory. If this probability exceeds the specified significance 
level (2.5% in this study), the sensitivity value should be regarded as negligible or insignificant. 
The higher the significance level, the higher sensitivities are considered as significant. The 
damage ratio for F2 (displacement) and “Combination” are found to be sensitive to the oncoming 
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wind speeds (V_mph), nail stiffness in both withdrawal (NLRL22Z (a)) and in-plane shear 
direction (NLRL2X (a) and NLRL31Y (b)), and the displacements of the nailing spots on the 
frame (STLMT3X (a), STLMT6Z, and STLMT16Z (b)) as shown in Figure 6-18. This implies 
that neglecting the connection details or the interactions between the roof sheathing and the 
beneath frame system may lead to unrealistic prediction of the roof sheathing damages. The 
random output variables are sensitive to more random input random variables with the increase 
of the oncoming wind speed as shown in the comparison of  Figure 6-18 (a) and (b) (a Category 
3 hurricane event) to (c) and (d) (a Category 5 hurricane event). The oncoming wind speed is 
observed as a dominant factor and the sheathing connection stiffness and its boundary conditions 




Figure 6-18  Sensitivity of F2 [(a) and (c)] and Combination [(b) and (d)] to all input random 
ariables under external pressure [(a) and (b) at 1min,10
ˆ 125Water mU mph ; (c) and (d) at 
1min,10






6.5.6 Regressed Relationships between Input and Output Variables 
The simulated points of two random input and output variables can be plotted and the 
trend line regressed from the scattered data provide a direct visualization on the relationship 
between the two variables. The mean value of both parameters are marked with separate green 
lines. The point where the green lines cross marks the statistical center of gravity of the cloud of 
all simulated data points of the two variables. The relationships between F1 and  1min,10
ˆ Water
mU  is 
found to be linear under external pressures at 1min,10
ˆ 160Water mU mph as Figure 6-19 shows. However, 
the sheathing displacement damage ratio F2 and the index Combination are found to hold 
polynomial relationship with the oncoming wind speed 1min,10
ˆ Water
mU . The nail withdrawal damage 
ratio remains as 0 within a wind speed range as shown in Figure 6-19 (c). “Combination” index is 
observed to have a three-order polynomial relationship with the oncoming wind speed 1min,10
ˆ Water
mU . 
Those relationships are not easily to derive using deterministic method but can be achieved by 
the stochastic finite element method. 
  
  
Figure 6-19  Regressed relationship between (a) F1, (b) F2, (c) F6, and (d) Combination to on 
coming wind speed 1min,10
ˆ Water
mU  under external pressrues at 1min,10





The vulnerability curves for a selected roof corner sheathing panel by using a database 
assisted stochastic finite element modeling approach is developed in this study. This proposed 
approach incorporates the surface wind pressure information from wind tunnel tests, accounts for 
load distributions rigorously according to the stiffness of all primary and secondary structural 
components, and considers the uncertainties in wind loads as well as material properties. The 
engineering based vulnerability curves are developed for the targeted seven individual structure 
performance criteria and their interplay. The obtained vulnerability curves that provide the 
expected mean damage ratio as a function of wind speeds can be further converted to the loss 
ratio, i.e., the repair cost of the damage portion over the property value, and be used to decide the 
premium within a reasonable marginal profit for insurance industry. Based on the probabilistic 
analysis, it is found that 
(1) The damaged structure portions have overlaps for individual failure mechanisms 
and the union of those damaged parts can avoid the underestimation of the real 
damages; 
(2) The failure of nail connections may not occur under moderate or low suction 
pressures. However, the nail connection stiffness and the displacements of the 
sheathing nailing spots on the frame system are found to influence the sheathing 
damage ratio due to the affected sheathing stress and displacements. The 
connection details are found to play an equally important role as the oncoming 
wind speed; 
(3) The damage ratios of sheathing stress, displacement, and the combination of 
multiple failure mechanisms are found to hold linear or polynomial relationship 
with oncoming wind speed. Those relationships are not explicit and thus not 
convenient to derive by deterministic methods but can be achieved by the 
stochastic finite element method. 
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CHAPTER 7. CONCLUSIONS AND FUTURE CONSIDERATIONS 
7.1 Summary and Conclusion 
The current two public hurricane loss models [i.e., Hazus®MH MR4 model and the 
Florida Hurricane Loss Prediction Model (FPHLM)] initiate the component based engineering 
approach for damage assessment of low-rise residential houses, a more scientific approach than 
econometric models that purely rely on the regression over historical claim data. However, the 
limitations of the two current public models are due to their application of design philosophy to 
damage prediction, i.e., by modifying the worst loading scenarios defined in ASCE7 design 
standards for damage prediction and simplifying the complex building system into the 
combination of 2D super elements, e.g., a wall panel. Those limitations as reviewed in Chapter 1 
motivate the current study. 
This dissertation aims to advance the current empirical engineering based vulnerability 
assessment for low-rise buildings under hurricane winds towards a more rigorous engineering 
based level.  A more risk consistent prediction of wind induced damage for low-rise buildings is 
achieved by (1) directly using the aerodynamic database from wind tunnel tests in place of 
modifying the ASCE7 design standards; (2) distributing surface wind loads based on the 
interaction of all primary and secondary components through a comprehensive 3D finite element 
building model, which is in place of the empirically assumed fixed load sharing among 
simplified super 2D elements, e.g., a piece of wall; and (3) incorporating uncertainties in wind 
loads, material properties, and boundary conditions by using a stochastic finite element method 
to regress the relationship between the damage ratios of individual or combined failure 
mechanisms and the oncoming wind speed. 
The first part of this dissertation, including Chapters 2, 3, and 4, is on wind loads 
estimation. In Chapter 2, the correlation among the pressure coefficients stored in the NIST 
aerodynamic database is studied. It is found that the high spatial correlation among building 
surface pressures may produce significant structural responses but not directly incorporated in 
the ASCE7 standards for the sake of simplicity. This may be compensated to some extent by 
enveloping the worst loading cases in the codification for the components and cladding designs. 
However, how to combine those worst positive and negative pressure coefficients as specified in 
design standards to the entire building surface are not clear, which may fail to capture the worst 
loading condition at the system level. Those concerns also exist for the modified ASCE7 
provisions that are used by the two public hurricane loss models. 
Because the prototypes of the NIST aerodynamic database are different from typical low-
rise buildings, especially on the ratio of the opening area to the building volume, a series of wind 
tunnel tests are performed in the Boundary Layer Wind Tunnel at LSU. Chapter 3 details how to 
reach reliable pressure measurements by appropriately designing scaled models, reproducing 
upstream wind characteristics over open terrain, and processing the measured surface pressures. 
The comparisons of the measured mean pressure coefficients with previous work in the literature 
verify the documented wind tunnel testing procedures. The comparisons between the measured 




pGC  specified for components and cladding (C&C) in ASCE 7-05 indicate the 
overestimation of local wind loads by the FPHLM. The measured external pressures of the 
model of a rectangular plan is used as the applied wind loads on the proposed FE model instead 
of the modified ASCE provisions in Chapters 5 and 6. The direct use of aerodynamic database 
minimizes information loss, especially on the wind directionality, spatial correlation and 
temporal variations and is affordable nowadays due to the advances in the computational and 
digital storage capabilities. 
Internal pressure was reported to increase significantly at the presence of the windward 
opening due to the small ratio of opening area to the building volume and thus may increase the 
net surface pressures significantly. Chapter 4 investigates the impact of the building geometry 
and the opening size on the internal pressure at each stage of the multiple-opening failure process 
and obtains a full picture of the changes in the internal pressure when the opening failure 
progresses from one to all. It is found that ASCE7-10 significantly underestimates 
piC  for both 
the partially enclosed building and the enclosed building. The observed piGC  is up to 2.35 times 
of the code-specified value for the front-door opening case. In addition, the approximated piC   
using the methodology adopted by the two current public models is closer to the measured 
minima piC

 at each stage of the multiple-opening failure. Therefore, both public models may on 
one hand underestimate the contribution of the internal pressure to the uplift force on the roof 
and, on the other hand, overestimate the cancellation to the uplift force when the internal 
pressure is the suction. The measured internal pressure is applied to the proposed Finite Element 
model in Chapters 5 and 6. 
In Chapter 5, a refined 3D FEM with in-depth construction details is developed for the 
same prototype of wind tunnel tests discussed in Chapter 2. The proposed model is analyzed to 
evaluate the building envelope performance that is the primary reason for the hurricane loss but 
not well addressed so far. The first failure wind speeds correspond to seven failure mechanisms 
of the building envelope is investigated under a given load condition. The predicted potential 
damage zones based on the Von-Mises stress are the roof edge sheathings, the gable end walls, 
and the side wall corners, which agrees qualitatively well with some of the observed failures 
caused by hurricanes Andrew and Katrina. The order of the failure mechanisms in which the 
building envelope starts to fail is found as the rolling shear of sheathing panel, nail withdrawal, 
sheathing displacement, nail head pull-through, shear through the thickness, and nail load slip. 
The damaged roof sheathing portions scatter at or near the nailing spots, which reinforces the 
fact that the building envelope is essentially governed by the connection details. No sheathing 
damage due to the bending or axial forces is observed for the Category 1 to 5 hurricane scale, 
which agrees with the fact that the wood quality itself is not the primary reason for the envelope 
damage. The nail stretch, i.e., the relative displacement between the lumber frame and the 
sheathing panel at the nail spot, is found to determine a nail reaction to trigger the nail 
withdrawal failure.  
The vulnerability curves for a selected roof corner sheathing panel are developed in 
Chapter 6 by using a database assisted stochastic finite element modeling approach. This 
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proposed approach incorporates the surface wind pressure information from wind tunnel tests, 
accounts for load distributions rigorously according to the stiffness, i.e., interactions, of all 
primary and secondary structural components, and considers the uncertainties in wind loads as 
well as material properties. The engineering based vulnerability curves are developed for the 
targeted seven individual structure performance criteria and their combinations. Based on the 
probabilistic analysis, it is found that the damaged structure portions have overlaps for individual 
failure mechanisms and using the union of those damaged parts for damage tally can avoid the 
underestimation of the real damages. The nail connections may not occur under moderate or low 
suction pressures. However, the nail connection stiffness and the displacements of the sheathing 
nailing spots on the frame system are found to influence the sheathing damage ratio due to the 
sheathing stresses and displacements. Meanwhile, the connection details are found to play an 
equally important role as the oncoming wind speed. The damage ratios based on sheathing stress, 
displacement, and the combination of multiple failure mechanisms are found to hold a linear or 
polynomial relationship with the oncoming wind speed. Those relationships are not explicit and 
thus not convenient to be derived by deterministic method but can be achieved by the stochastic 
finite element method. The obtained vulnerability curves that provide the expected mean damage 
ratio as a function of wind speeds can be further converted to the loss ratio, i.e., the repair cost of 
the damage portion over the property value, and can be used to decide the premium within a 
reasonable marginal profit for the insurance industry. 
7.2 Future Work 
The proposed stochastic database assisted damage prediction approach is a promising 
platform to fully utilize the currently available testing facility, advanced technical software, and 
up-to-date engineering analysis theory. More future work can be continued based on the stored 
aerodynamic database and the built up FE model. For example, we can investigate more 
information on how to more accurately predict potential wind induced damage and how to 
enhance the resilience of low-rise building stock efficiently. To include more factors that are 
observed to influence the hurricane induced damage is the core part of the future work. 
Specifically, the following future works are envisioned: 
(1) the vulnerability curves of all roof and wall sheathing panels can be studied. The most 
vulnerable piece of sheathing could be analyzed by the methodology developed in the 
present study and by the conventional procedure that directly compares the wind 
pressures instead of structural responses. Through a future comparison of these two 
approaches, the differences of the results due to the inclusion of nail connection 
details and the sheathing-frame interactions can be identified, which may provide 
useful information to the future revisions of ASCE7; 
(2) while the building envelope is the primary reason for the economic loss, the collapse 
of the frame system may result in casualty that is anther unacceptable aspect of 
hurricane events. The proposed methodology developed in the present study is 
applicable to evaluate the vulnerability of the frame system. A future combination of 
the vulnerability curves from the building envelope and the frame system is the key 
step to obtain the vulnerability curve for the entire system; 
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(3) the wind-structure interactions, i.e., the wind pressures change with the loss building 
envelope, can be traced to obtain the accumulated structural damage that tends to 
magnify the structural damages. A future investigation of the progressive failure 
process is deserved to thoroughly understand the performance of low-rise buildings in 
an extreme hurricane event; 
(4) wind-born debris and rain water intrusion may be included to quantify the 
magnification of structural damages due to the interior damages; 
(5) multi-hazards may be included by changing the load input to the developed model, 
e.g., flood or earthquake loads.  
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APPENDIX A: MEAN PRESSURE COEFFICIENTS AND STANDARD 
DEVIATIONS FOR GABLE ROOF 1:12 
Table A-1  Mean pressure coefficients and standard deviations for gable roof 1:12 
Gable 1:12 

















RMS of Cpi 
1 -1.4489 0.4212 1 -1.1093 0.4271 1 -1.6773 0.5853 
2 -1.6369 0.4644 2 -1.3820 0.5820 2 -1.4275 0.4530 
3 -1.4319 0.3586 3 -1.4776 0.4736 3 -0.5908 0.2814 
4 -1.3368 0.3682 4 -1.5755 0.4858 4 -0.4571 0.2382 
5 -1.2314 0.3181 5 -1.7954 0.5199 5 -0.5098 0.2246 
6 -1.0406 0.2972 6 -1.4644 0.4266 6 -0.3006 0.1994 
7 -0.9896 0.3015 7 -1.2702 0.3794 7 -0.2540 0.1725 
8 -1.0249 0.3007 8 -1.0881 0.3010 8 -0.2297 0.1523 
9 -0.9927 0.4074 9 -1.3368 0.5800 9 -1.9613 0.6738 
10 -1.2913 0.4306 10 -0.3958 0.1916 10 -1.6725 0.5512 
11 -1.2231 0.3658 11 -0.8553 0.5835 11 -0.3586 0.2594 
12 -1.1915 0.3586 12 -1.2925 0.6491 12 -0.3445 0.2038 
13 -1.0828 0.3140 13 -1.6060 0.6068 13 -0.2066 0.1896 
14 -0.9894 0.2931 14 -1.5018 0.4741 14 -0.1944 0.1935 
15 -1.0159 0.2858 15 -1.3769 0.3867 15 -0.2096 0.1827 
16 -1.1425 0.3105 16 -1.2232 0.3098 16 -0.3108 0.1569 
17 -0.4790 0.2664 17 -1.3464 0.4439 17 -1.5384 0.5055 
18 -0.4689 0.2538 18 -0.4415 0.3818 18 -1.6489 0.5291 
19 -0.8874 0.3635 19 -0.3260 0.1244 19 -1.0576 0.4080 
20 -1.0451 0.3625 20 -0.2754 0.1786 20 -0.4511 0.2590 
21 -1.1613 0.3387 21 -0.5141 0.3415 21 -0.3354 0.1582 
22 -1.0213 0.3309 22 -0.6668 0.5340 22 -0.1547 0.1323 
23 -0.9756 0.3245 23 -1.0791 0.5594 23 -0.1072 0.1190 
24 -1.1712 0.3412 24 -1.3868 0.4128 24 -0.3679 0.1374 
25 -0.2999 0.2037 25 -1.0520 0.3305 25 -1.2112 0.3971 
26 -0.1787 0.1688 26 -0.8933 0.5474 26 -1.2485 0.4126 
27 -0.3302 0.2588 27 -0.1270 0.1296 27 -1.1370 0.4256 
28 -0.5120 0.3122 28 -0.1388 0.1125 28 -0.6449 0.3445 
29 -0.6903 0.3227 29 -0.1393 0.1299 29 -0.2495 0.2229 
30 -0.7527 0.3269 30 -0.1281 0.1678 30 -0.1060 0.1648 
31 -0.8250 0.3283 31 -0.2664 0.2957 31 -0.1172 0.1333 
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(Table A-1 Continued) 
Gable 1:12 

















RMS of Cpi 
32 -0.9584 0.3464 32 -0.9242 0.4492 32 -0.2158 0.1143 
33 -0.3642 0.1719 33 -0.9180 0.2564 33 -1.1211 0.3341 
34 -0.3370 0.1585 34 -1.0784 0.3645 34 -1.2540 0.3358 
35 -0.4219 0.1784 35 -0.4629 0.2750 35 -1.2308 0.3963 
36 -0.4223 0.2386 36 -0.2764 0.1113 36 -0.8940 0.3623 
37 -0.5673 0.2778 37 -0.3084 0.1022 37 -0.5298 0.2623 
38 -0.5782 0.3056 38 -0.2973 0.1230 38 -0.2835 0.2137 
39 -0.5392 0.2958 39 -0.1232 0.1186 39 -0.0900 0.1496 
40 -0.7449 0.3148 40 -0.3572 0.2354 40 -0.1938 0.1145 
41 -0.3166 0.1706 41 -1.2925 0.3357 41 -1.0476 0.3470 
42 -0.3745 0.1448 42 -1.0925 0.3718 42 -1.1616 0.3542 
43 -0.4136 0.1266 43 -0.9169 0.3145 43 -1.1556 0.3552 
44 -0.3176 0.1377 44 -0.4260 0.1853 44 -0.9045 0.3327 
45 -0.3600 0.1588 45 -0.3676 0.1238 45 -0.7027 0.3109 
46 -0.2652 0.1813 46 -0.2663 0.1129 46 -0.3286 0.2408 
47 -0.2828 0.1806 47 -0.2886 0.1222 47 -0.1891 0.2019 
48 -0.3558 0.1994 48 -0.3066 0.1350 48 -0.0823 0.1400 
49 -0.2681 0.1734 49 -1.3381 0.3421 49 -0.9565 0.3479 
50 -0.2430 0.1436 50 -1.1428 0.3562 50 -0.9695 0.3468 
51 -0.2229 0.1261 51 -0.6505 0.2980 51 -0.9349 0.3442 
52 -0.2573 0.1386 52 -0.4342 0.2253 52 -0.8070 0.3542 
53 N/A N/A 53 N/A N/A 53 N/A N/A 
54 -0.2406 0.1628 54 -0.3543 0.1444 54 -0.3096 0.2551 
55 -0.2647 0.1704 55 -0.2952 0.1181 55 -0.2038 0.2031 
56 -0.3737 0.1983 56 -0.5223 0.1928 56 -0.0985 0.1586 
57 0.1050 0.2955 57 0.6977 0.2143 57 -0.0105 0.2249 
58 0.3981 0.3108 58 0.8170 0.2445 58 -0.0700 0.1936 
59 0.6417 0.2684 59 0.9177 0.2793 59 -0.2498 0.2164 
60 0.7987 0.2700 60 0.9250 0.2983 60 -0.3906 0.2861 
61 0.8969 0.2914 61 0.9255 0.2998 61 -0.4523 0.3569 
62 0.9944 0.3036 62 0.9022 0.2968 62 -0.3771 0.3851 
63 0.9741 0.3137 63 0.8148 0.2906 63 -0.3747 0.3815 
64 N/A N/A 64 N/A N/A 64 N/A N/A 
65 -0.4341 0.2723 65 0.6367 0.2423 65 1.0720 0.3422 
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RMS of Cpi 
67 -0.5079 0.3312 67 0.5730 0.2273 67 1.0961 0.3368 
68 -0.0561 0.1125 68 -0.4275 0.1383 68 -0.3080 0.2372 
69 -0.0183 0.1137 69 -0.2634 0.1142 69 -0.1432 0.1675 
70 -0.0474 0.1172 70 -0.2149 0.1069 70 -0.0652 0.1434 
71 -0.0590 0.1230 71 -0.1911 0.1072 71 -0.0423 0.1463 
72 -0.1016 0.1303 72 -0.1499 0.1031 72 -0.0575 0.1540 
73 -0.1810 0.1546 73 -0.2100 0.1231 73 -0.0367 0.1542 
74 -0.3150 0.1700 74 -0.4162 0.1662 74 -0.0686 0.1627 
Table A-2 Mean pressure coefficients and standard deviations for gable roof 5:12 
Gable 5:12 



















1 -0.6361 0.3278 1 0.1143 0.3768 1 -1.5803 0.6152 
2 -0.5702 0.2975 2 -0.4162 0.3875 2 -1.5261 0.5278 
3 -0.4670 0.3060 3 -0.3112 0.3021 3 -1.0575 0.4535 
4 -0.4361 0.3045 4 -0.3705 0.2883 4 -0.7351 0.3157 
5 -0.3906 0.3027 5 -0.5990 0.3394 5 -0.5609 0.2408 
6 -0.3405 0.2889 6 -0.6044 0.3085 6 -0.4629 0.2206 
7 -0.3203 0.2832 7 -0.5436 0.2744 7 -0.3605 0.1891 
8 -0.3385 0.3008 8 -0.5311 0.2661 8 -0.2346 0.1917 
9 -0.2569 0.2560 9 -0.1411 0.5936 9 -1.7337 0.6653 
10 -0.1050 0.2792 10 0.2018 0.2214 10 -1.6848 0.5994 
11 0.1483 0.3086 11 0.1202 0.3301 11 -0.8567 0.3628 
12 0.0186 0.3127 12 -0.0199 0.3292 12 -0.4755 0.2763 
13 -0.0571 0.3457 13 -0.1035 0.3708 13 -0.3387 0.2238 
14 -0.1271 0.3593 14 -0.2400 0.4544 14 -0.2985 0.1940 
15 -0.1975 0.3787 15 -0.4613 0.4187 15 -0.3049 0.1803 
16 -0.3207 0.3820 16 -0.5229 0.3192 16 -0.2923 0.1670 
17 -0.0980 0.1977 17 -0.3345 0.5483 17 -1.5737 0.6004 
18 -0.0802 0.1725 18 0.0364 0.3339 18 -1.6824 0.6151 
19 0.0447 0.1710 19 0.0857 0.1641 19 -1.3972 0.4501 
20 0.0863 0.1805 20 0.0846 0.1625 20 -0.8306 0.3679 
21 0.1582 0.1937 21 0.0236 0.1621 21 -0.4362 0.2566 
22 0.1787 0.2095 22 0.0559 0.1826 22 -0.2585 0.1930 
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23 0.2322 0.2243 23 0.0595 0.2219 23 -0.1624 0.1547 
24 0.1428 0.2530 24 -0.1278 0.2751 24 -0.1706 0.1307 
25 -0.2894 0.2339 25 -0.3119 0.4499 25 -1.2722 0.4350 
26 0.7037 0.1485 26 0.7122 0.4501 26 -0.2239 0.3755 
27 0.2248 0.1513 27 0.1332 0.1490 27 -1.3089 0.4807 
28 0.1164 0.1508 28 0.0999 0.1387 28 -1.0126 0.3920 
29 0.1792 0.1481 29 0.0731 0.1334 29 -0.5395 0.3193 
30 0.1910 0.1508 30 0.0627 0.1295 30 -0.2804 0.2493 
31 0.1744 0.1533 31 0.0131 0.1351 31 -0.1936 0.1895 
32 0.1415 0.1657 32 -0.0688 0.1602 32 -0.1602 0.1389 
33 -0.1863 0.2003 33 -0.4462 0.4275 33 -0.9951 0.3468 
34 -0.1323 0.1563 34 -0.3620 0.5211 34 -1.1773 0.3530 
35 0.0206 0.1364 35 0.0807 0.1839 35 -0.9874 0.3642 
36 0.0302 0.1290 36 -0.0573 0.1240 36 -1.0401 0.3667 
37 0.0699 0.1263 37 -0.0997 0.1162 37 -0.7428 0.3286 
38 0.1030 0.1259 38 -0.0591 0.1135 38 -0.4317 0.2773 
39 0.1431 0.1253 39 -0.0421 0.1146 39 -0.2268 0.2253 
40 0.1029 0.1344 40 -0.0898 0.1214 40 0.2926 0.1443 
41 -0.2063 0.1939 41 -0.9912 0.3221 41 -0.9559 0.3212 
42 -0.2157 0.1527 42 -0.8063 0.4483 42 -1.1073 0.3332 
43 -0.1928 0.1279 43 -0.5655 0.3033 43 -1.1428 0.3620 
44 -0.0252 0.1140 44 -0.4378 0.1555 44 -1.0714 0.3688 
45 -0.1122 0.1099 45 -0.4926 0.1361 45 -0.8674 0.3675 
46 -0.0712 0.1091 46 -0.3964 0.1265 46 -0.5464 0.3325 
47 -0.0439 0.1077 47 -0.3680 0.1252 47 -0.3205 0.2794 
48 -0.0351 0.1095 48 -0.3258 0.1221 48 -0.1323 0.1928 
49 -0.3033 0.1994 49 -1.0728 0.3210 49 -0.8651 0.3239 
50 -0.2078 0.1499 50 -1.0897 0.4102 50 -0.9861 0.3313 
51 -0.1472 0.1281 51 -0.8720 0.2965 51 -0.9869 0.3586 
52 -0.1908 0.1167 52 -0.7381 0.2300 52 -0.9755 0.3717 
53 -0.1664 0.1118 53 -0.7475 0.2020 53 -0.7501 0.3705 
54 -0.1514 0.1095 54 -0.6774 0.1768 54 -0.5404 0.3452 
55 -0.1895 0.1084 55 -0.6327 0.1644 55 -0.3780 0.2999 
56 -0.0954 0.1049 56 -0.4819 0.1436 56 -0.1412 0.2147 
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58 -0.0982 0.3528 58 0.5472 0.2213 58 -0.0335 0.2418 
59 0.2727 0.2873 59 0.7340 0.2514 59 -0.2025 0.2541 
60 0.5685 0.2336 60 3.6501 0.1118 60 3.6045 0.1165 
61 0.7337 0.2391 61 0.8126 0.2766 61 -0.5780 0.3529 
62 0.8148 0.2524 62 0.9429 0.2581 62 1.0998 0.2696 
63 0.8392 0.2680 63 0.7087 0.2625 63 -0.5895 0.3778 
64 N/A N/A 64 N/A N/A 64 N/A N/A 
65 -0.7520 0.2656 65 1.5026 0.1950 65 1.9569 0.2629 
66 -0.6180 0.2952 66 0.6482 0.2280 66 2.2061 0.2505 
67 -0.5295 0.2888 67 0.6166 0.2357 67 1.2145 0.3500 
68 -0.4456 0.1888 68 1.8055 0.1166 68 0.1853 0.1982 
69 -0.4378 0.1797 69 -0.3187 0.1517 69 -0.1794 0.2055 
70 N/A N/A 70 N/A N/A 70 N/A N/A 
71 -0.3987 0.1412 71 -0.4122 0.2317 71 -0.1590 0.1955 
72 N/A N/A 72 N/A N/A 72 N/A N/A 
73 -0.3199 0.1223 73 -0.8620 0.2502 73 -0.1584 0.2240 
74 -0.3397 0.1201 74 -0.9864 0.2454 74 -0.2247 0.2603 
Table A-3 Mean pressure coefficients and standard deviations for gable roof 7:12 
Gable 7:12 



















1 -0.4083 0.3064 1 0.1939 0.4428 1 -1.6603 0.6577 
2 -0.1116 0.3228 2 0.0781 0.3804 2 -1.5005 0.5100 
3 -0.0044 0.3411 3 -0.0076 0.3518 3 -0.7777 0.3463 
4 -0.0014 0.3330 4 -0.0545 0.3252 4 -0.5927 0.2613 
5 0.0092 0.3373 5 -0.1181 0.3070 5 -0.4672 0.1934 
6 -0.0209 0.3384 6 -0.1762 0.3169 6 -0.4500 0.1771 
7 -0.0090 0.3318 7 -0.1877 0.2901 7 -0.3494 0.1705 
8 0.0863 0.3431 8 -0.2248 0.2827 8 -0.2247 0.1621 
9 -0.1486 0.2724 9 0.1907 0.5523 9 -1.9785 0.7681 
10 0.1176 0.2328 10 0.3812 0.2538 10 -1.9501 0.7259 
11 0.2642 0.2336 11 0.3496 0.2667 11 -0.8719 0.3931 
12 0.3016 0.2713 12 0.3244 0.3237 12 -0.4631 0.2825 
13 0.2977 0.2874 13 0.1316 0.3413 13 -0.4761 0.2119 
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14 0.2667 0.3140 14 0.0704 0.3415 14 -0.4025 0.1801 
15 0.2390 0.3452 15 -0.0054 0.3768 15 -0.3450 0.1686 
16 0.1967 0.3625 16 -0.1543 0.3246 16 -0.2509 0.1403 
17 -0.2446 0.2519 17 0.1485 0.4589 17 -1.5091 0.5441 
18 0.0438 0.1825 18 0.2521 0.3909 18 -1.6179 0.5506 
19 0.2048 0.1780 19 0.2737 0.1994 19 -1.3816 0.4828 
20 0.2376 0.1780 20 0.2269 0.1840 20 -0.7955 0.3637 
21 0.2777 0.1797 21 0.1633 0.1732 21 -0.5067 0.2666 
22 0.3239 0.1867 22 0.1777 0.1855 22 -0.3258 0.1892 
23 0.3552 0.1917 23 0.2099 0.1860 23 -0.1697 0.1564 
24 0.3591 0.1986 24 0.0544 0.1962 24 -0.1866 0.1216 
25 -0.3537 0.2578 25 0.1404 0.4159 25 -1.2537 0.4348 
26 0.0601 0.1810 26 0.2036 0.3928 26 -1.2886 0.4471 
27 0.3359 0.1683 27 0.3186 0.1980 27 -1.2723 0.4729 
28 0.2096 0.1610 28 0.2305 0.1720 28 -0.9818 0.4161 
29 0.2709 0.1612 29 0.2200 0.1615 29 -0.5291 0.3184 
30 0.2822 0.1614 30 0.1862 0.1557 30 -0.2654 0.2453 
31 0.2650 0.1646 31 0.1605 0.1582 31 -0.1905 0.1895 
32 0.2877 0.1693 32 0.0468 0.1449 32 -0.1770 0.1312 
33 -0.1705 0.2152 33 -0.1229 0.4823 33 -1.1439 0.3992 
34 -0.0379 0.1849 34 0.0232 0.4608 34 -1.2436 0.4027 
35 0.0893 0.1646 35 0.0644 0.2016 35 -1.3067 0.4378 
36 0.1453 0.1591 36 0.0984 0.1618 36 -1.1401 0.3990 
37 0.2279 0.1551 37 0.0843 0.1507 37 -0.8180 0.3431 
38 0.2433 0.1562 38 0.0684 0.1479 38 -0.4127 0.2934 
39 0.2639 0.1507 39 0.0422 0.1405 39 -0.2251 0.2359 
40 0.2404 0.1497 40 -0.0138 0.1259 40 -0.1200 0.1504 
41 -0.2400 0.2087 41 -0.4459 0.3882 41 -0.0021 0.2827 
42 -0.1928 0.1706 42 N/A N/A 42 -1.1202 0.3268 
43 -0.0531 0.1429 43 N/A N/A 43 -1.1544 0.3520 
44 -0.0326 0.1322 44 N/A N/A 44 -0.8685 0.3401 
45 -0.0421 0.1205 45 N/A N/A 45 -0.8525 0.3544 
46 -0.2436 0.1259 46 N/A N/A 46 -0.6697 0.3566 
47 -0.0718 0.1155 47 N/A N/A 47 -0.3967 0.2640 
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49 -0.3881 0.1991 49 -0.7323 0.2984 49 -0.9965 0.3561 
50 -0.2415 0.1510 50 N/A N/A 50 -1.0670 0.3354 
51 -0.2180 0.1314 51 N/A N/A 51 -1.0578 0.3538 
52 -0.1592 0.1249 52 N/A N/A 52 -1.0510 0.3653 
53 -0.1600 0.1187 53 N/A N/A 53 -0.8238 0.3603 
54 -0.1812 0.1172 54 N/A N/A 54 -0.6114 0.3412 
55 -0.1749 0.1121 55 N/A N/A 55 -0.4357 0.2943 
56 -0.1280 0.1049 56 -0.3906 0.1281 56 -0.1871 0.2067 
57 -0.5737 0.3815 57 0.4392 0.2315 57 -0.1308 0.3731 
58 -0.3792 0.4428 58 0.5559 0.2189 58 -0.1714 0.2440 
59 0.0889 0.3310 59 0.6878 0.2404 59 -0.3878 0.2569 
60 0.4048 0.2651 60 0.7352 0.2715 60 -0.7160 0.2763 
61 0.5949 0.2464 61 0.7501 0.2770 61 -0.6760 0.3084 
62 0.6875 0.2574 62 0.7280 0.2742 62 -0.6300 0.3443 
63 0.7519 0.2699 63 0.6511 0.2668 63 -0.6009 0.3502 
64 N/A N/A 64 N/A N/A 64 N/A N/A 
65 -0.8540 0.2923 65 0.5471 0.2288 65 1.1917 0.3662 
66 -0.6726 0.2899 66 0.5794 0.2677 66 1.1634 0.3682 
67 -0.6096 0.2782 67 0.5622 0.2494 67 1.1634 0.3610 
68 -0.5445 0.1613 68 -0.5783 0.1759 68 -0.4175 0.2641 
69 -0.5441 0.1524 69 -0.5487 0.1879 69 -0.3060 0.2271 
70 -0.4714 0.1282 70 -0.5717 0.2070 70 -0.1528 0.1957 
71 -0.4884 0.1177 71 -0.6398 0.2190 71 -0.2003 0.1939 
72 -0.4253 0.1136 72 -0.7294 0.2242 72 -0.1964 0.2050 
73 -0.4032 0.1087 73 -0.7223 0.2114 73 -0.1971 0.2244 
74 -0.4143 0.1070 74 -0.7501 0.2082 74 -0.2695 0.2612 
Table A-4 Mean pressure coefficients and standard deviations for hip roof 5:12 
Hip roof 



















1 -1.1518 0.3315 1 -0.4755 0.3945 1 -0.8946 0.3155 
2 -1.1247 0.3609 2 -0.4788 0.2905 2 -0.6703 0.2691 
3 -0.9940 0.3659 3 -0.5891 0.2423 3 -0.5802 0.2088 
4 -0.8602 0.3469 4 -0.6540 0.2219 4 -0.5771 0.2299 
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5 -0.8250 0.3138 5 -0.7354 0.2172 5 -0.4242 0.2305 
6 -0.6756 0.4067 6 0.0592 0.2056 6 -0.9456 0.3999 
7 -0.5828 0.4814 7 0.0864 0.3040 7 -0.7250 0.3517 
8 -0.6031 0.4728 8 -0.3790 0.3100 8 -0.4528 0.2046 
9 -0.6406 0.4431 9 -0.4383 0.2678 9 -0.3713 0.1758 
10 -0.6545 0.4134 10 -0.6908 0.2630 10 -0.2833 0.1829 
11 -0.4441 0.1815 11 0.1129 0.1436 11 -0.9289 0.3622 
12 -0.1048 0.2133 12 -0.0044 0.1489 12 -0.5417 0.2232 
13 -0.0535 0.2831 13 -0.1248 0.1988 13 -0.3760 0.1718 
14 -0.1330 0.3351 14 -0.3581 0.2344 14 -0.3676 0.1548 
15 -0.7306 0.2055 15 -0.1454 0.1133 15 -1.0897 0.4132 
16 -0.7955 0.2066 16 -0.2044 0.1047 16 -0.6193 0.2457 
17 -0.1976 0.1221 17 -0.3057 0.1065 17 -0.3611 0.1424 
18 -0.6343 0.1714 18 -0.4420 0.1241 18 -1.2102 0.3850 
19 -0.2597 0.1144 19 -0.4961 0.1202 19 -0.4929 0.2012 
20 -0.3371 0.1385 20 -0.8128 0.1939 20 -0.5653 0.2090 
21 -1.0774 0.2867 21 -0.2786 0.3205 21 -0.8712 0.2904 
22 -0.4212 0.2088 22 -0.2722 0.3271 22 -0.8715 0.3370 
23 -0.3892 0.1491 23 -0.6090 0.3405 23 -0.8887 0.3272 
24 -0.4626 0.1451 24 -0.8959 0.3282 24 -0.9073 0.3104 
25 -0.3444 0.1504 25 -0.8155 0.2702 25 -0.8193 0.3264 
26 -0.7378 0.2436 26 0.1424 0.1729 26 -0.4159 0.2298 
27 -0.4806 0.1977 27 0.1077 0.2154 27 -0.3790 0.2656 
28 -0.2667 0.1337 28 -0.1869 0.3609 28 -0.5849 0.3741 
29 -0.2608 0.1340 29 -0.5061 0.4135 29 -0.7205 0.3779 
30 -0.2485 0.1304 30 -0.7037 0.3187 30 -0.5666 0.3792 
31 -0.7090 0.2490 31 0.1003 0.1358 31 -0.4998 0.2083 
32 -0.3381 0.1376 32 0.0699 0.1398 32 -0.2401 0.2127 
33 -0.2752 0.1163 33 -0.0944 0.2076 33 -0.1602 0.2735 
34 -0.2741 0.1131 34 -0.2561 0.2382 34 -0.1295 0.2611 
35 -0.8582 0.2528 35 -0.0280 0.1121 35 -0.5874 0.2153 
36 -0.3430 0.1398 36 -0.0600 0.1134 36 -0.1596 0.1334 
37 -0.2882 0.1181 37 -0.1850 0.1100 37 -0.1274 0.1259 
38 -0.8354 0.2527 38 -0.3168 0.1168 38 -0.6711 0.2166 
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40 -0.5461 0.2039 40 -0.9746 0.2314 40 -0.6877 0.1961 
41 -0.4087 0.1866 41 -1.3637 0.3845 41 -0.5142 0.1653 
42 -0.5035 0.2109 42 -0.9486 0.2929 42 -0.4272 0.1289 
43 -0.5054 0.2072 43 -0.6097 0.2307 43 -0.3137 0.1044 
44 -0.4166 0.1833 44 -0.4179 0.1648 44 -0.2636 0.1047 
45 -0.3903 0.1957 45 -0.3752 0.1591 45 -0.2161 0.1227 
46 -0.4317 0.2189 46 -0.4075 0.1726 46 -0.2398 0.1469 
47 -0.5762 0.3681 47 0.7610 0.2884 47 0.8739 0.2803 
48 -0.4322 0.2312 48 0.8350 0.2944 48 0.6728 0.2459 
49 -0.2534 0.2705 49 0.5391 0.2390 49 0.0059 0.3722 
50 -0.3961 0.3940 50 0.6236 0.2025 50 -0.1637 0.2579 
51 0.6487 0.3587 51 0.6301 0.1911 51 -0.4673 0.2459 
52 0.9071 0.3108 52 0.5382 0.1844 52 -0.5173 0.3128 
53 -0.6381 0.3705 53 0.8636 0.3077 53 0.9768 0.3003 
54 -0.6898 0.3784 54 0.7845 0.2945 54 0.9815 0.2950 
55 -0.6770 0.3771 55 0.7769 0.2824 55 0.8495 0.2738 
56 -0.7674 0.3403 56 1.0102 0.4032 56 0.6998 0.2792 
57 -0.7696 0.3233 57 0.9848 0.3950 57 0.7051 0.2701 
58 -0.8195 0.3292 58 0.8569 0.3664 58 0.5631 0.2434 
59 0.8909 0.3992 59 0.6606 0.2798 59 -0.5636 0.2244 
60 0.9195 0.3863 60 0.6695 0.2866 60 -0.5701 0.2206 
61 0.7777 0.3508 61 0.5977 0.2738 61 -0.5666 0.2245 
62 1.0743 0.3743 62 0.6404 0.1994 62 -0.5372 0.2486 
63 1.0668 0.3691 63 0.6151 0.1912 63 -0.5476 0.2527 
64 0.9655 0.3384 64 0.5872 0.1836 64 -0.5623 0.2569 
65 0.7307 0.3847 65 0.7174 0.4025 65 -0.4887 0.2131 
66 0.6983 0.3623 66 0.6653 0.4012 66 -0.4941 0.2123 
67 0.5780 0.3384 67 0.6064 0.3753 67 -0.5163 0.2144 
68 1.0446 0.3527 68 0.5359 0.1874 68 -0.5103 0.2755 
69 1.0468 0.3517 69 0.5505 0.1852 69 -0.5294 0.2781 
70 0.8758 0.3172 70 0.4402 0.1710 70 -0.5741 0.2730 
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APPENDIX C: COMMUNICATION WITH DSA 3217 BY SCANTEL 
Fang Pan 
December 23, 2013 
1. Connect DSA 3217 (191.30.80.100 or 191.30.80.99) to the power unit, and the power unit to electric 
outlet or recycle the power if the software does not response correctly (it takes 30 seconds for the DSA to 
be ready for the software, use a timer). 
2. Shut off the wifi connection on PC. 
3. Connect DSA and PC with a cross over cable. 
4. windows 7->control panel->Network and Sharing Center->Local Area Connection-> Property-
>Internet Protocol Version 4 (TCP/IPv4)->IP address (191.30.80.101) & Subnet mask: 255.255.255.0, 
leave default gateway and DNS blank->Ok with network. 
5. open scantel->Configuration 191.30.80.99, UDP Receive Port 23, Upload line Delay in MS 30, 
Device DSA->OK->Connect, (in status bar it shows connected) -> type in “list s” (if a list not show up, 
turn off the power unit, then turn on and wait 30 seconds to communicate with Scantel)-> )-> set period 
1000, set bin 0, set xscantrig 0(use capital letters)-> use list s to double check the settings->click file and 
ASCII capture file to create a new file in any location->type scan(data should appear on the screen, 
otherwise start over again)->click file and close ASCII capture file 
6. set bin 23-> set fps XXX(XXX=frequency × testing duration in sec, eg.frequency=500Hz, time 
duration= 5min, fps=500×5×60=150000), set period 125 (125=1/16/frequency500=125us, 16channels ) 
7. Configuration example (all in caps): 
SET PERIOD 125 
SET AVG 1 
SET FPS 10345 (Note: 10345=500Hz*20.7s; 20.7s=10min*60s/29; 29 is time scale=(1/1.7)velocity 
scale/(1/50)length scale) 
SET XSCANTRIG 0 
SET FORMAT 0 
SET TIME 0  
SET EU 1 
SET ZC 1 
SET BIN 23 (binary Capture file; it must be 23, not 1 nor 0) 
SET SIM 0 
SET QPKTS 0 
SET UNITSCAN PA (Note: paskas) 
SET CVTUNIT 6894.759766 






SET ECHO 0 
SET MODEL 3217 
SET PORT 23 
SET HOST 191.30.80.101 23 U 
169 
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